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Abstract	
	

Organic-inorganic	 halide	 perovskite	 solar	 cells	 have	 gained	 a	 lot	 of	 traction	 in	

recent	years	due	to	their	high	power	conversion	efficiencies	(PCE),	>20%,	tunable	

band	 gap	 and	 low	 fabrication	 costs.	 	 However,	 as	 the	 maximum	 theoretical	

efficiency	outlined	by	the	Shockley-Quiesser	model	for	a	single-junction	perovskite	

solar	 cell	 is	 close	 to	 being	 reached,	 researchers	 have	 begun	 fabricating	 tandem	

solar	 cells	 to	 ensure	 the	 continued	 improvements	 in	 PCEs.	 	 Tandem	 solar	 cells	

require	the	stacking	of	two	solar	devices	such	as	c-Si	and	perovskite	solar	cells,	the	

PCEs	of	each	device	is	additive	thus	exceeding	the	theoretical	limit.			

Transferring	 from	a	 single	 junction	perovskite	device	 to	a	 tandem	device	 comes	

with	its	own	challenges.		The	sensitive	nature	of	the	perovskite	material	requires	

changes	to	be	made	in	the	fabrication	process	of	the	cell	to	ensure	that	all	layers	

are	 deposited	 using	 a	 low-energy	 process	 at	 low	 temperatures	 to	 prevent	 the	

degradation	 of	 the	 underlying	 layers.	 	 The	 changes	 in	 the	 fabrication	 processes	

must	 also	 not	 affect	 the	 electrical,	 optical	 and	morphological	 properties	 of	 the	

materials	which	in	turn	could	reduce	the	PCE	of	the	device.	

To	 date,	 indium-tin	 oxide	 (ITO)	 is	 the	 commercial	 standard	 for	 use	 as	 the	

transparent	conducting	oxide	(TCO)	in	perovskite	solar	cells.		Although	ITO	has	low	

sheet	 resistance	 values	 (8-100	 Ω/□)	 the	 material	 is	 deposited	 using	 sputtering	

methods	 and	 undergoes	 high	 temperature	 (>400⁰C)	 heat	 treatments.	 	 When	

incorporating	 this	material	 into	a	 tandem	solar	device	 such	a	high	 temperature	

process	 is	 not	 viable	 as	 it	 can	 affect	 the	 integrity	 of	 the	 device.	 	 As	 a	 result	 an	

alternative	material	of	similar	properties	is	required	to	replace	ITO	in	tandem	solar	

cells.	

This	 thesis	 focuses	 on	 the	 deposition	 of	 ZnO	 and	 doped	 ZnO	 by	 atomic	 layer	

deposition	(ALD),	a	scalable	industry	relevant	technology,	to	replace	ITO	in	tandem	

solar	cells.		To	begin,	a	fundamental	study	of	ZnO	and	its	doped	counterparts	were	

deposited	at	 the	optimum	temperature,	200⁰C	and	characterized.	 	Ti-doped	ZnO	
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(TZO)	was	shown	to	have	the	most	potential	for	replacing	ITO	in	a	single-junction	

perovskite	 solar	 cell.	 	 The	 optimized	 TZO	 was	 then	 incorporated	 into	 a	 single-

junction	perovskite	solar	cell	in	the	p-i-n	configuration	and	compared	to	the	state-

of-the-art	perovskite	solar	devices	as	proof	of	concept.			

TZO	was	then	deposited	at	low	temperatures	by	the	same	methodology	to	evaluate	

its	 potential	 for	 incorporation	 into	 a	 tandem	 solar	 device.	 	 Low	 temperature	

deposition	of	TZO	resulted	in	significantly	higher	sheet	resistance	values	compared	

to	 values	 of	 the	material	 deposited	 at	 the	 optimum	 temperature.	 	 Although	 the	

material	maintained	 good	 optical	 properties	 the	 electrical	 properties	 could	 not	

compete	with	those	of	commercial	ITO.	

	The	hole	 transport	 layer	 (HTL)	 in	perovskite	 solar	cells	has,	 to	date,	 focused	on	

organic	 thin	 films,	however	due	to	 instabilities	and	parasitic	optical	absorptions	

there	has	been	a	drive	 for	an	 inorganic	alternative.	 	 In	 this	 thesis,	as	a	proof	of	

concept,	vanadium	oxide	is	investigated	as	a	possible	hole	transport	medium.	ALD	

grown	VOx	was	 directly	 incorporated	 into	 a	 perovskite	 solar	 device	 in	 the	 p-i-n	

configuration	that	was	demonstrated	to	generate	a	photocurrent.	However,	further	

work	is	required	to	develop	this	device	and	determine	the	viability	of	a	vanadium	

based	HTL.	
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Chapter	1:	Overview	of	Atomic	Layer	Deposition	
	

1.1	History	of	Atomic	Layer	Deposition	
Atomic	layer	deposition	(ALD)	is	a	chemical	vapour	deposition	method	that	allows	

for	 low	 temperature	 deposition	 of	 thin	 films	 with	 excellent	 conformality	 and	

thickness	control	enabling	deposition	of	continuous	 thin	 films	even	at	high	aspect	

ratios.	 	 Atomic	 layer	 deposition	was	 first	 reported	 as	 “molecular	 layering”	 in	 the	

Soviet	 Union	 by	 Russian	 scientists	 in	 the	 1960’s.1-3	 	 Numerous	 papers	 were	

subsequently	published	on	this	technique	by	Kol’tsov	and	this	co-workers.4-10		This	

method	was	later	introduced	and	patented	in	Finland	by	Suntola	and	Anston	in	the	

late	1970’s	under	the	more	commonly	acknowledged	name	atomic	layer	epitaxy.11	

The	 technique	 was	 originally	 developed	 in	 order	 to	 meet	 the	 requirements	 of	

improving	 thin	 films	 for	 electroluminescent	 display	 devices.	 	 The	 first	 patent	

describes	a	method	of	depositing	highly	conformal	thin	films	by	introducing	reactive	

precursors	into	the	chamber	sequentially	to	form	a	thin	film	on	a	substrates	surface.		

The	patent	outlines	an	apparatus	consisting	of	a	vacuum	chamber,	a	stage	for	the	test	

substrates	and	a	source	that	facilitates	two	precursors.		It	describes	how	ZnS,	SnO2	

and	GaP	layers	were	deposited	by	this	method	onto	glass	substrates.12	Later	a	second	

patent	was	 submitted	 in	1983	which	 included	changes	 to	 the	apparatus	design	 to	

counter	leaks	in	the	reactor	chamber.13	Improvements	in	ALE	techniques	aided	in	the	

development	of	polycrystalline	luminescent	ZnS:Mn	materials	which	were	used	for	

electroluminescent	displays	in	the	1980’s.14,	15	

There	have	since	been	large	advancements	in	the	materials	deposited	by	ALD	and	in	

the	ALD	kits	commercially	available.		As	a	result,	there	has	been	a	dramatic	increase	

in	the	interest	of	ALD	in	a	range	of	industries.16,	17,	18		To	date,	ALD	has	been	used	for	

the	fabrication	of	microelectronics,	where	the	miniaturisation	of	devices	requires	the	

use	 of	 high	 aspect	 ratio	 structures	 to	 reduce	 the	 size	 of	 devices	 such	 as	

complementary	 metal-oxide-semiconductor	 (CMOS)	 integrated	 circuits	 (IC)	 and	

dual-gate	metal-oxide-semiconductor	 field	 effect	 transistors	 (MOSFETS),	 diffusion	
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barriers	and	interconnects	in	ICs.16,	19,	20		ALD	has	the	capability	to	deposit	thin	films	

on	 these	 structures	 with	 good	 conformality	 while	 maintaining	 its	 electrical	

properties	more	reliably	compared	to	other	deposition	methods.		ALD	has	also	been	

used	to	deposit	transparent	conducting	oxides	for	flat	panel	displays	such	as	thin	film	

electroluminescence	(TFEL)	displays.21	 ,22,	23	 	ALD	has	also	been	reported	as	being	

used	for	battery	applications	such	as	Li-batteries.24-27		It	was	shown	that	the	use	of	

ALD	 in	 the	 fabrication	of	 the	batteries	have	 improved	 the	energy	efficiency	of	 the	

battery.	 	 ALD	has	 been	used	 for	many	 years	 in	 the	 fabrication	 of	medical	 devices	

where	ALD	TiO2	and	Al2O3	have	been	ALD	coated	onto	implants	as	an	alternative	to	

stainless	steel	due	to	the	reduction	in	weight	and	anti-microbial	characteristics.210-

213	Certain	materials	have	also	been	deposited	by	ALD	and	used	as	a	photocatalyst	in	

the	purification	of	air	and	waste	water.32			

In	particular,	ALD	has	been	utilized	to	deposit	 transport	 layers,	barrier	 layers	and	

transparent	conducting	layers	for	a	wide	range	of	solar	cells	such	as	crystalline-Si	(c-

Si),	copper	indium	gallium	selenide	solar	cells,	(CIGS),	CdTe	and	dye-sensitised	solar	

cells	(DSSC).33-39		

In	this	thesis,	the	application	of	ALD	to	the	field	of	solar	cells	is	explored,	in	particular	

the	charge	transport	and	contact	layers	in	perovskite	(PK)	solar	cells.		Although	there	

are	still	issues	with	the	stability	and	cost	of	ownership,	relative	to	silicon	technology,	

PK	 solar	 cells	 are	 reaching	power	 conversion	 efficiencies	 (PCE)	 in	 excess	 of	 20%,	

approaching	the	Shockley–Queisser	limit	for	a	single	junction	solar	cell.40	To	counter	

this	theoretical	limitation,	and	cost	of	ownership	issues,	research	is	focusing	towards	

multi-junction	systems	where	a	further	enhancement	of	the	PCE	may	make	PK	based	

cells	viable.	 	As	a	result,	 further	challenges	are	now	being	faced,	in	the	delicate	PK	

based	 heterostructures	 stringent	 thermal	 budgets	 and	 non-destructive	 deposition	

techniques	are	vital	to	maintain	the	integrity	of	devices.		Atomic	layer	deposition	can	

deposit	a	wide	range	of	materials	at	low	temperature	to	ensure	minimal	damage	to	

the	 underlying	 layers,	 this	 in	 conjunction	 with	 its	 compatibility	 with	 technology	
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scaling	has	identified	it	as	one	potential	method	for	the	fabrication	of	PK	based	solar	

cells.	

1.2	Principles	of	ALD		
ALD	is	a	modified	chemical	vapour	deposition	(CVD)	technique	which	proceeds	via	

alternating	 pulses	 of	 reactants	 separated	 by	 a	 gas	 purge	 where	 in	 principle	 one	

atomic	 layer	 is	deposited	after	each	pulse	cycle.	 	Gas	phase	reactants	 sequentially	

enter	the	chamber	and	chemisorb	onto	the	heated	substrates	surface.		Any	molecules	

physisorbed	 onto	 the	 surface	 are	 then	 removed	 using	 a	 gas	 purge	 to	 prevent	 the	

build-up	 of	 unwanted	 by-products	 and	 surplus	 precursor.	 	 As	 a	 consequence,	 the	

thickness	of	thin	films	grown	can	be	controlled	due	to	a	fixed	deposited	rate	per	cycle.		

ALD	 is	 a	 self-limiting	 deposition	method	whereby	molecules	 only	 adsorb	 onto	 an	

unoccupied	reaction	site.	 	One	monolayer	is	formed	once	all	available	sites	are	full	

and	the	reaction	has	ceased.		The	self-limiting	mechanism	results	in	conformal	films	

as	each	reaction	cycle	is	driven	to	completion.		As	no	available	surface	sites	remain	

after	film	growth	the	thin	films	tend	to	be	continuous	and	pinhole-free.16			

Figure	1.2.1	outlines	 the	 four	steps	 for	ALD	growth	 for	a	binary	metal	oxide.	 	The	

mechanism	proceeds	via	 two	half-reaction	cycles	which	 include	a	 self-terminating	

reaction	of	the	first	precursor	followed	by	a	purge	of	inert	gas.		This	is	then	followed	

by	another	self-terminating	reaction	of	the	co-reactant	and	further	purge	of	inert	gas.	

  

Figure	1.2.1:	Schematic	of	one	ALD	reaction	cycle	mechanism41	
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From	figure	1.2.1,	a	substrate	terminated	with	hydroxyl	or	oxygen	groups	is	placed	

inside	the	chamber.		Reactant	A,	usually	the	metal-based	precursor,	is	pulsed	into	the	

chamber	in	the	gaseous	phase	and	reacts	with	the	surface	hydroxyl	groups	but	not	

with	 itself	 to	 form	 a	 chemisorbed	 surface	 species.	 	 The	 self-terminating	 feature	

ensures	that	once	all	available	reaction	sites	are	full	the	reaction	ceases.		A	purge	step	

of	 inert	 gas	 ensures	 any	 physisorbed	 surface	 species	 or	 any	 by-products	 are	

evacuated	from	the	chamber.		Reactant	B	is	then	pulsed	into	the	chamber	and	reacts	

with	the	chemisorbed	species	on	the	surface	to	form	the	desired	product.		As	the	cycle	

results	 in	 an	 oxygen	 species	 terminating	 the	 surface	 the	 reaction	 cycle	 can	 begin	

again	and	be	cycled	until	the	desired	layer	thickness	has	been	reached.42	

1.3	Growth	per	Cycle	
Each	ALD	cycle	deposits	a	given	amount	of	material	known	as	the	growth	per	cycle	

(GPC).		This	is	generally	measured	in	nanometers	per	cycle,	(nm/cycle)	or	Angstroms	

per	 cycle,	 (Å/cycle).	 	 To	 deposit	 a	 desired	 film	 thickness	 reaction	 cycles	must	 be	

repeated	until	the	desired	thickness	has	been	obtained.		Growth	per	cycle	assumed	

linearity	in	growth	rate	and	is	calculated	by	dividing	the	thickness	of	the	film	(nm)	by	

the	number	of	ALD	cycles	(equation	1.1).	

	

𝐺𝑃𝐶 = 	
𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠	𝑜𝑓	𝐹𝑖𝑙𝑚	(Å	𝑜𝑟	𝑛𝑚)
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐴𝐿𝐷	𝐶𝑦𝑐𝑙𝑒𝑠 	

1.1	

	

In	order	to	deposit	one	full	monolayer	of	material	each	cycle,	the	substrates	surface	

must	be	saturated	with	precursor	to	ensure	all	available	reaction	sites	are	filled	after	

each	 half-cycle.	 	 Although	 for	 ALD	 the	 growth	 rate	 is	 determined	 by	 self-limiting	

reactions	 partial	 pressure	 of	 the	 precursors	 used,	 the	 number	 of	 reaction	 sites	

available,	exposure	time	and	purge	times	need	to	be	sufficient	to	ensure	coverage	is	

controlled.			
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Several	models	have	been	 theorized	 to	 explain	 the	 steric	 effects	 on	 the	precursor	

molecule	and	how	these	affect	the	GPC	of	the	material.		These	models	estimate	the	

GPC	taking	into	account:	(i)	the	size	of	the	reactant	MLn43,	(ii)	the	size	and	geometry	

of	the	adsorbed	species44	and	(iii)	the	size	and	number	of	adsorbed	ligands.45,	46	Thus	

the	GPC	of	 a	material	 increases	with	decreasing	 size	of	 the	 reactant	molecule.	 	 In	

complex	 ALD	 systems	 the	 GPC	 is	 usually	 less	 than	 one	 monolayer	 of	 deposited	

material.	

Full	monolayer	coverage	is	not	always	achieved	due	to	steric	hindrance	caused	by	

bulky	 ligands	 of	 the	 reactant	 precursors	 preventing	 all	 reaction	 sites	 being	 filled.		

Large	 ligands	chemisorbed	to	the	surface	can	block	part	of	 the	surface	from	being	

accessible	from	further	reactant	molecules.		This	in	turn	preventing	further	reactions	

with	neighbouring	reactive	sites	resulting	in	a	discontinuous	layer.			

Alkyl	groups	are	widely	used	in	ALD	precursors.		The	ligands	are	small	enough	so	you	

see	 little	 steric	hindrance	effects	and	 thus	 the	GPC	 is	quite	high.	 	 	However,	 these	

ligands	 can	 leave	 carbon	and	hydrogen	 contamination	 in	 the	 films	due	 to	 the	 low	

decomposition	temperatures	of	the	precursors.			

Several	 growth	 regimes	 have	 been	 reported	 for	 ALD-grown	materials.	 	 The	most	

commonly	known	is	the	layer-by-layer	growth	or	two-dimensional	growth	where	the	

precursor	molecules	always	react	with	lowest	unfilled	reactive	site	resulting	in	a	full	

monolayer	of	growth	each	ALD	cycle.		Alternatively,	the	material	does	not	nucleate	

well	on	 the	substrate	material	and	deposits	preferentially	on	ALD-grown	material	

causing	island	growth	on	the	substrate.47	It	is	possible	for	the	islands	to	develop	into	

a	continuous	film	after	further	ALD	cycles.	However,	generally	for	uniform	thin	film	

growth	the	precursor	molecules	should	react	with	the	substrate	surface	species	on	

the	first	ALD	cycle.	
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1.4	Self-Limiting	Regime	
As	previously	mentioned,	atomic	layer	deposition	proceeds	using	a	self-terminating	

reaction	mechanism	whereby	once	the	substrate	surface	is	saturated	with	precursor	

the	reaction	ceases.		The	self-limiting	mechanism	allows	us	to	control	the	thickness	

of	the	thin	films	accurately	by	removing	the	influence,	within	limits,	of	variations	in	

precursor	 flux	 that	 determine	 the	 uniformity	 in	 traditional	 CVD	 methodologies.			

Process	design	with	sufficiently	long	exposure	and	purge	times	allow	the	precursor	

and	co-reactants	time	to	react	with	all	available	reaction	sites	driving	each	cycle	to	

completion	even	in	high	aspect	structures.		As	all	surface	sites	have	then	been	filled	

one	obtains	conformal,	pinhole-free	films.16	The	limiting	chemistry	can	be	controlled	

by	optimizing	the	growth	conditions	such	a	deposition	temperature.	

The	 self-limiting	 regime	 operates	 via	 three	 different	 mechanisms;	 (i)	 Ligand	

exchange,	(ii)	Dissociation	and	(iii)	association.46,	47	

(i) Ligand	Exchange	

The	 reactant	 molecule	 splits	 and	 reacts	 with	 the	 surface	 species.	 The	 remaining	

ligands	react	with	the	surface	site	and	combine	with	the	remaining	surface	species	in	

the	gaseous	phase.		This	by-product	is	then	removed	during	purging.		The	resultant	

molecule	is	then	chemisorbed	onto	the	substrate	surface	(see	figure	1.2.2	(a)).		

	

	

Figure	1.4.1:	Schematic	illustrating	ligand	exchange	reactions	of	atomic	layer	

deposition	

(a)	

(b)	
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Ligand	exchange	has	been	also	known	to	occur	between	a	surface	bound	species	and	

surface	species.	Here	reaction	occurs	between	both	surface	bound	species	releasing	

a	by-product	in	the	gas	phase	but	does	not	result	in	a	new	metal	species	being	bound	

(see	figure	1.2.2	(b)).	

(ii) Dissociation	

Dissociation	occurs	when	the	reaction	molecule	is	split	and	combines	with	surface	

reaction	sites	as	outlined	in	figure	1.2.3.	 	 	 	

	

Figure	1.4.2:	Schematic	illustrating	dissociation	reaction	of	atomic	layer	deposition	

(iii) Association	

An	 association	 mechanism	 proceeds	 by	 the	 reactant	 molecule	 reacting	 and	

chemisorbing	 to	 the	 surface	 of	 the	 substrate	 without	 the	 release	 of	 ligands	 as	 a	

gaseous	by-product.	 	 	

	

Figure	1.4.3:	Schematic	illustrating	association	reaction	of	atomic	layer	deposition	
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Ligand	 exchange	 is	 widely	 thought	 to	 be	 the	 preferred	 reaction	 method	 as	 the	

reaction	 equilibrium	 can	 be	 reached	 by	 removing	 gaseous	 by-products	 during	 a	

purge	step.	

1.5	ALD	Temperature	Window	
ALD	deposits	thin	films	at	low	temperatures	(typically	50-300°C).	48,	49	The	growth	

per	 cycle	 of	 deposited	materials	 is	 often	 dependent	 on	 the	 growth	 temperatures	

used.50		The	temperature	range	in	which	ALD	meets	the	requirements	for	self-limiting	

growth	 is	 known	 as	 the	 “ALD	window”.51	 	 Here,	 the	 growth	 rate	 is	 constant	with	

temperature	and	deposits	one	monolayer	per	cycle.		Figure	1.5.1	illustrates	the	ALD	

temperature	window	and	how	physical	processes	can	limit	its	range.		

From	figure	1.5.1	it	can	be	seen	that	the	growth	rate	can	increase,	decrease	or	remain	

constant	depending	on	 the	 temperature.	 	At	 high	 temperatures	 the	 first	 incoming	

precursor	can	desorb	from	the	surface	of	the	substrate	prior	to	the	second	precursor	

entering	the	chamber	causing	a	reduction	in	the	growth	rate.		Alternatively,	the	first	

precursor	can	adsorb	to	the	surface	and	the	second	precursor	may	decompose	in	the	

gas	 phase	 before	 the	 subsequent	 reaction	 can	 occur,	 resulting	 in	 the	 first	 stable	

precursor	depositing	onto	the	surface	without	being	under	self-limiting	regime	thus	

increasing	the	growth	rate.47		

Low	temperatures	can	reduce	the	growth	rate	due	to	insufficient	activation	energy	to	

bring	the	reaction	to	completion.		As	a	result,	the	precursors	desorb	from	the	surface	

reducing	 the	 growth	 rate.	 	 Conversely,	 low	 temperatures	 can	 cause	 the	 desorbed	

molecules	 to	 condense	 as	 a	 liquid	 or	 a	 solid	 on	 the	 substrates	 surface	 causing	 an	

increase	in	the	growth	rate.51-53			
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Figure	 1.5.1:	 Image	 representing	 the	 ALD	 temperature	 window	 and	 how	 physical	

processes	limit	the	ideal	growth	behavior	and	influence	the	growth	per	cycle	225	

	

1.6	ALD	Processes	
1.6.1	Thermal	ALD			
The	most	commonly	used	ALD	process	to	deposit	metal	oxides.		These	processes	are	

driven	solely	by	thermal	energy	(figure	1.6.1).		Thermal	ALD	requires	the	substrate	

and	the	reactor	to	be	heated	to	sufficient	growth	temperature	in	order	to	provide	the	

necessary	activation	energy	for	the	reaction	to	occur	to	completion.		It	is	a	common	

choice	for	precursors	of	high	reactivity	that	need	little	additional	activation	energy.		

Thermal	 ALD	 processes	 are	 typically	 carried	 out	 using	 a	 binary	 reaction	 and	

generally	require	a	co-reactant	to	proceed.16	This	reactant	is	usually	H2O,	O2	or	O3	to	

produce	metal	oxides.54-58	However,	H2	has	also	been	used	in	order	to	reduce	metals	

or	semiconductor	materials.16	

1.6.2	Plasma-Assisted	ALD	
Some	 processes	 are	 difficult	 to	 complete	 using	 a	 thermal	 ALD	 mechanism.	 	 For	

example,	single-element	films	are	becoming	more	commonly	deposited	by	ALD	and	
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these	are	challenging	to	deposit	by	thermal	ALD	and	H2O.	 	As	a	result,	a	plasma	is	

implemented	 to	 deposit	 these	 materials.	 	 Plasma	 produces	 radicals	 that	 enable	

reactions	that	otherwise	would	not	go	to	completion	using	thermal	ALD.16			

Plasma-assisted	ALD	 is	 often	 adopted	when	 using	 precursors	with	 low	 reactivity.		

They	require	a	plasma	to	supply	the	activation	energy	required	for	the	reaction	to	

proceed	that	it	cannot	get	from	thermal	ALD.		As	a	result,	a	wider	range	of	precursors	

are	available	to	choose	from	that	can	deposit	using	plasma-assisted	ALD.		It	has	been	

shown	that	plasma-enhanced	ALD	produces	dense	films	of	low	impurity	leading	to	

films	with	good	electrical	characteristics.	 	 In	addition,	plasma-enhanced	processes	

often	have	deposit	materials	at	a	higher	growth	rate	and	require	shorter	purge	times	

than	thermal	ALD	processes	reducing	the	overall	deposition	time	required.48,		59		The	

increased	growth	rate	has	been	attributed	to	the	increased	number	of	reactive	sites	

produced	by	the	plasma	which	are	available	for	precursor	adsorption.59-61	
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Figure	 1.6.1:	 Image	 outlining	 the	 reaction	mechanism	 of	 thermal	 ALD	 and	 plasma-

enhanced	ALD.		The	2nd	half-cycle	involves	a	co-reactant	such	as	H2O	or	O2	to	provide	to	

oxygen	source48	

	

1.7	ALD	of	Zinc	Oxide	as	a	Transparent	Conducting	Oxide	(TCO)	
Transparent	 conducting	 oxides	 have	 been	 extensively	 researched	 for	 applications	

such	 as	 3D	 electronics	 and	 flat	 panel	 displays.	 	 Common	TCOs	 include	 indium-tin	

oxide	(ITO),	zinc	oxide	(ZnO)	and	gallium	nitride	(GaN).		Currently	ITO	is	the	most	

commonly	 used	 TCO	 in	 perovskite	 solar	 cells	 as	 a	 transparent	 contact	 layer.62	 In	

recent	years,	ZnO	has	seen	an	increase	in	interest	as	a	replacement	TCO	for	ITO	in	

solar	cells	due	to	its	optical	and	electrical	properties.63			

ZnO	can	be	deposited	by	various	methods	 including;	chemical	spray	pyrolysis64-66,	

sol-gel67-69,	 sputtering70-72,	 chemical	 vapour	 deposition	 (CVD)73,	 74,	 pulsed	 laser	
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deposition	 (PLD)75-77,	metalorganic	 chemical	 vapour	 deposition	 (MOCVD)78-80	 and	

atomic	layer	deposition	(ALD).81			

For	this	thesis,	ZnO	has	been	studied	with	the	intention	of	replacing	ITO	in	perovskite	

solar	 cells.	 	 Low	 energy	 deposition	 processes	 are	 required	 for	 incorporation	 into	

perovskite	solar	cells	or	tandem	solar	cells.		Atomic	layer	deposition	was	the	chosen	

method	for	depositing	ZnO	due	to	its	ability	to	produce	conformal,	pinhole-free	thin	

films	at	low	temperature.	

ZnO	is	a	wide	band-gap	semiconductor	(3.37	eV)	with	a	large	exciton	binding	energy	

of	60	meV.82	The	band	gap	of	any	TCO	is	very	important	as	it	determines	whether	the	

material	is	transparent	to	visible	light	(400-800	nm).		The	ZnO	wide	band	gap	allows	

it	 to	 be	 transparent	 across	 the	 entire	 visible	 spectrum.	 	 ZnO	 is	 also	 a	 conducting	

material	 and	 it	 has	 been	 shown	 that	 doping	with	 other	 elements	 such	 as	Al3+	can	

further	improve	the	resistivity	of	the	material.			

ZnO	is	known	to	crystallise	in	a	cubic	rocksalt,	wurtzite	or	zinc	blende	crystal	phase	

(see	figure	1.7.1).		The	wurtzite	crystal	structure	is	the	most	commonly	seen	for	ZnO	

as	it	is	thermodynamically	stable	at	standard	temperature	and	pressure	in	this	form.		

The	zinc	blende	structure	can	be	obtained	by	growing	ZnO	on	cubic	substrates	and	

ZnO	can	achieve	the	rocksalt	crystal	structure	when	put	under	pressures	of	>95	kbar.		

As	 a	 result,	wurtzite	 and	 zinc	 blende	 structures	 are	more	 commonly	 seen	 in	 ZnO	

materials.	 	Wurtzite	 and	 zinc	 blende	 are	 very	 similar	 in	 structure	 with	 the	main	

difference	 being	 the	 angles	 of	 the	 adjacent	 tetrahedral	 unit	 being	 different.	 	 The	

values	for	zinc	blende	and	wurtzite	are	60⁰	and	0⁰	respectively.83		
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Figure	1.7.1:	Schematic	of	possible	crystal	structures	of	ZnO	(a)	cubic	rocksalt	and	(b)	

zinc	blende	and	(c)	wurtzite	structure	with	the	O	atoms	in	grey	and	the	Zn	in	black83	

It	has	been	reported	that	generally	the	more	dominant	crystalline	growth	is	in	the	

[002]	direction	for	wurtzite	structures	and	[004]	for	zinc	blende	structures.84	Here	

we	focus	on	the	expected	crystalline	orientations	of	wurtzite	structure	by	XRD	due	to	

the	predominantly	 [002]	 crystalline	orientation	obtained	 in	 the	experimental	ZnO	

data	discussed	in	chapter	4.		

The	wurtzite	phase	is	reported	to	have	two	primary	growth	directions.	 	The	a-axis	

(002)	plane	is	a	charged,	polar	surface	due	to	the	alternating	layers	of	Zn2+	and	O2-	

and	alternatively	the	c-axis	(100)	plane	has	a	neutral	surface	with	alternating	rows	

of	Zn2+	and	O2-.		It	has	been	observed	that	the	[100]	direction	is	preferred	when	ZnO	

is	 deposited	 at	 low	 temperatures	 and	 alternatively	 the	 [002]	 direction	 is	 more	

prevalent	at	higher	deposition	temperatures.85,	86		

ZnO	deposition	was	first	reported	by	ALD	in	the	1980s	using	zinc	acetate	and	H2O	as	

co-reactants.87,	88	Since	then	large	advancements	in	Zn-based	precursors	have	been	

made,	with	dimethylzinc,	 (Zn	(CH3)2)	and	diethylzinc,	 (Zn	(C2H5)2)	being	 the	most	

commonly	used.	

Other	 less	 reactive	 precursors	 include	 zinc	 propionate	 (Zn	 (C3H5O2)22)	 and	 zinc	

acetylacetonate	 (Zn	 (C5H7O2)2).	 	 However,	 these	 often	 require	 high	 deposition	
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temperatures.		Besides	H2O,	other	oxidants	such	as	O2,	H2O2,	NO2	and	CO2	have	been	

used	 to	 deposit	 ZnO	 by	 thermal	 ALD.	 	 Oxygen	 and	 water	 have	 also	 been	 used	

extensively	as	co-reactants	for	plasma-enhanced	ALD	(PEALD)	(see	section	1.6.2).89-

92	 The	 high	 reactivity	 of	 the	 plasma	 contributes	 to	 a	 reduction	 in	 the	 deposition	

temperature	of	the	ZnO	and	produces	thin	films	of	high	stoichiometry.81	However,	as	

the	ZnO	is	intended	for	replacing	ITO	in	a	perovskite	solar	cell,	the	high	energy	plasma	

can	cause	damage	to	the	underlying	layers	of	the	solar	cell.		As	a	result,	we	focus	on	

thermal	ALD	using	H2O	as	a	co-reactant	for	the	purpose	of	this	study.	

1.7.1	Deposition	of	ZnO	using	Diethylzinc		
The	 two	most	 commonly	used	ALD	precursors	 for	 ZnO	are	diethylzinc	 (DEZ)	 and	

dimethylzinc	 (DMZ).	 	 The	 main	 difference	 between	 the	 precursors	 is	 their	

composition,	where	DEZ	is	made	up	of	Zn	atoms	bonded	to	ethyl	groups	whereas	Zn	

atoms	 are	 bonded	 to	 methyl	 groups	 in	 DMZ.	 	 It	 has	 been	 reported	 that	 both	

precursors	have	similar	deposition	temperature	ranges	and	in	some	cases	DMZ	has	

been	 reported	 to	 deposit	 at	 slightly	 lower	 temperatures	 at	 higher	 growth	 rates.		

Although	both	precursors	have	similar	properties	and	yield	 films	of	equal	quality,	

DEZ	has	been	reported	on	more	frequently	in	the	literature	than	DMZ	and	therefore	

is	 the	 more	 popular	 choice	 of	 Zn	 precursor.	 	 This	 has	 been	 attributed	 to	 the	

controllability	of	the	electrical	properties	of	the	ZnO	films	produced	by	DEZ/H2O.93,	

94	 It	 was	 reported	 that	 DEZ	 produces	 films	 of	 lower	 resistivity	 than	 DMZ	 and	

therefore	remains	the	more	popular	choice.	

DEZ	has	a	high	vapour	pressure	at	room	temperature	making	it	simple	to	transport	

in	the	ALD	reactor	and	it	is	also	extremely	reactive.		Due	to	the	high	reactivity	with	

H2O,	DEZ	reacts	readily	to	form	ZnO.		Equation	1.6	outlines	the	overall	reaction	with	

H2O.	

	

𝐶!𝐻" − 	𝑍𝑛 −	𝐶!𝐻" +	𝐻!𝑂	 → 𝑍𝑛𝑂 + 2𝐶!𝐻#	 1.6	
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The	reaction	mechanism	proceeds	via	two	stages;	DEZ	stage	and	water	stage	where	

||-	represents	the	substrate	surface	(equations	1.7,	1.8).87,	95	

	

DEZ	

Stage:	

|| − 𝑂𝐻 +	𝐶!𝐻" − 𝑍𝑛 −	𝐶!𝐻" 	
→ || − 𝑂 − 𝑍𝑛 −	𝐶!𝐻" + 𝐶!𝐻#	

1.7	

H2O	

stage:	

|| − 𝑂 − 𝑍𝑛 −	𝐶!𝐻" + 𝐻!𝑂	
→ || − 𝑂 − 𝑍𝑛 − 𝑂𝐻 +	𝐶!𝐻#	

1.8	

	

ZnO	can	be	deposited	by	ALD	across	a	wide	temperature	range.		The	ideal	range	at	

which	 self-limiting	deposition	of	ZnO	occurs	 (ALD	window)	has	been	 reported	by	

various	authors	as	being,	105-165⁰C96,	100-180⁰C97,	130-180⁰C98,	99,	70-200⁰C100	and	

200-268⁰C.101,	 102	 Table	 1.1	 outlines	 the	 literature	 values	 for	 the	 ALD	windows	 of	

thermal	ALD	processes	of	DEZ	and	H2O.	 	The	 table	highlights	 that	 there	 is	a	wide	

range	where	ZnO	is	deposited	as	a	conformal	thin	film	using	DEZ	and	H2O.			

	

Substrate	 Dep.	
Temp	
	(⁰C)	

ALD	
Window	
(⁰C)	

Growth	
Rate	
(Å/cycle)	

Ref	

Si	(100)	 70-350	 -	 1.9	 [103]	

Glass	 120-350	 -	 0.5-2.5	 [64]	

Glass	 91-180	 105-165	 2.7	 [104,105

]	

Glass	 105-235	 105-165	 -	 [106]	

Sapphire	

(0001)	

100-250	 130-180	 2.7	 [107]	

Glass,	 Si	

(100)	

90-200	 100-180	 1.8-1.9	 [97]	

Glass	 140	 -	 2.5-2.7	 [108]	

Si	(100)	 60-300	 125-150	 1.94	 [109]	

Glass	 60-300	 130-170	 1.3	 [110]	
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Glass,	

Sapphire,	

Si,	GaAs	

60-250	 110-180	 1.8-1.9	 [111]	

Glass,	Si	 120-240	 120-150	 1.8	 [63]	

Glass,	 Si,	

GaAs/Al2O

3	

100-300	 100-200	 -	 [112]	

PVP/Si	 80-140	 -	 2.0	 [113]	

Glass	 100-250	 -	 1.2	 [114]	

Si,	SiO2/Si	 150-400	 -	 0.5-2.0	 [115]	

Si	(100)	 25-200	 -	 -	 [116]	

Glass,	 Si	

(100)	

100-200	 120-170	 2.1	 [117]	

GaAs	 180	 -	 1.8	 [118]	

Si	(100)	 RT-140	 -	 0.8-2.2	 [102]	

Glass,	 Si	

(100)	

100-240	 -	 -	 [119]	

Si	(100)	 80-240	 100-160	 2.0	 [120]	

SiO2/Si,	

MgO	

70-190	 130-170	 2.3	 [121]	

Si	(111)	 200	 -	 -	 [122]	

Glass,	 c-Si	

(100)	

200-250	 -	 1.8	 [123]	

SiO2/Si	 40-210	 110-160	 1.7-2.5	 [124]	

Si(111)	 150-300	 -	 1.8-2.1	 [125]	

GaN,	

Graphene	

Sapphire,	

Si	(100)	

150-300	 -	 0.9-1.9	 [126]	

Glass	 50-200	 -	 0.7-1.9	 [127]	

-	 150	 -	 1.8	 [128]	

Glass,	 Si,	

SiO2/Si	

170	 -	 2.1-2.2	 [129]	
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Si	(100)	 75-300	 -	 0.96-1.8	 [130]	

Si	(100)	 200	 -	 2.2	 [131]	

Glass,	Si	 100-200	 -	 1.8-2.0	 [132]	

Si,	 N-

doped	

Graphene,	

N-doped	

carbon	

nanotubes	

30-250	 -	 1.8-2.6	 [133]	

Table	1.1:	ALD	processes	reported	for	thermal	ALD	of	ZnO	using	diethylzinc	and	H2O	as	

co-reactants81	

ZnO	has	also	been	reported	to	deposit	at	low	temperatures	by	ALD	with	the	lowest	

reporting	 temperature	 at	 25⁰C.	 	 This	 is	 due	 to	 the	 volatility	 of	 the	 Zn	 precursor.		

Although	this	is	outside	the	ALD	window	experiment	design	enabled	the	material	to	

maintain	 a	 constant	 growth	 rate	 between	 120-200⁰C	 and	 reducing	 slightly	 at	

temperatures	 below	 120⁰C.134	 It	 was	 also	 reported	 that	 changing	 the	 growth	

mechanism	 to	 PEALD	 did	 not	 improve	 the	 growth	 rate	 significantly	 at	 lower	

temperatures.135		
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Figure	1.7.2:	Represents	the	growth	rate	(Å/cycle)	as	a	function	of	temperature	and,	

outlines	the	ALD	window	of	ZnO	90-170⁰C108	

The	average	growth	rate	of	ZnO	was	reported	as	being	0.18-0.2	nm/cycle	within	the	

ALD	window.		Depositing	above	and	below	the	ALD	window	resulted	in	a	reduction	

in	the	growth	rate	due	to	thermal	decomposition	at	high	temperatures	and	reduced	

surface	reactions	at	low	temperatures.	

	

1.8	ALD	of	Doped	ZnO	for	Transparent	Conducting	Oxides	
As	a	semiconductor	material,	ZnO	has	the	ability	to	create	excess	charges	by	doping	

the	material	with	elements	with	a	higher	number	of	valence	electrons	than	Zn.		Doing	

so	has	been	shown	to	enhance	the	electrical	properties	of	the	ZnO.		Using	this	method	

ZnO	can	be	doped	using	elements	from	group	III,	IV	and	V	to	create	excess	charges	in	

the	lattice.	 	Banerjee	et	al	summarizes	the	elements	reported	in	the	literature	that	

have	been	used	to	dope	ZnO	by	ALD	(see	figure	1.8.1).85		
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Figure	1.8.1:	Elements	reported	by	literature	that	have	been	used	to	dope	ZnO	by	ALD85		

Equation	1.9	outlines	the	mechanism	of	how	using	Al2O3	to	dope	ZnO	can	improve	its	

electrical	conductivity	by	producing	two	free	electrons	into	the	conduction	band	of	

ZnO.85	

	

𝐴𝑙!𝑂$		2𝑍𝑛𝑂 →		 2𝐴𝑙%& +	2𝑂'( +	2𝑒) +	
1
2𝑂! ↑	

1.9	

	 	

Atomic	layer	deposition	is	one	of	the	most	commonly	used	methods	for	depositing	

conformal,	uniform	doped	ZnO	thin	 films.	 	ALD	can	be	used	to	produce	a	range	of	

doped	ZnO	by	changing	the	doping	element	and	the	dopant	concentration	in	the	film.		

Due	to	its	layer-by-layer	deposition	mechanism	ZnO	is	not	doped	in	the	conventional	

sense.	 	 Instead,	 ALD	 grows	 the	 thin	 films	 by	 alternating	 pulses	 of	 DEZ/H2O	 and	

dopant/H2O	which	result	in	a	nanolaminate.	 	Figure	1.8.2	outlines	how	the	dopant	

concentration	 can	be	 varied	 in	 the	 films	using	 a	 super	 cycle	mechanism	using	Al-

doped	ZnO	as	an	example.		To	deposit	a	19:1	ratio	of	ZnO:Al2O3	19	cycles	of	DEZ/H2O	

are	 deposited	 followed	 by	 1	 cycle	 of	 TMA	 (trimethylaluminium)/	 H2O.	 	 This	 is	

equivalent	to	one	super	cycle.			
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Figure	1.8.2:	 Illustration	of	 the	deposition	mechanism	of	Al-doped	ZnO	outlining	 the	

individual	monolayers	of	ZnO	and	Al2O3	which	make	up	one	super	cycle136	

The	product	of	the	number	of	super	cycles	and	the	number	of	layers	deposited	in	each	

super	cycle	results	in	the	total	number	of	ALD	cycles.		The	desired	thickness	of	the	

film	can	then	be	achieved	by	altering	the	number	of	super	cycles	depending	on	the	

growth	rate	of	the	desired	material.		

The	atomic	percent	(atomic	%)	of	the	dopant	incorporated	into	the	ZnO	is	generally	

calculated	using	the	formula	outlined	below137	(Equation	1.10).			

	

𝑎𝑡𝑜𝑚𝑖𝑐	% = 	
𝐺𝑃𝐶*+,-&.

𝐺𝑃𝐶*+,-&. + 𝑛𝐺𝑃𝐶%&'
	𝑥	100	 1.10	

	

Where,	GPCdopant	is	the	deposition	rate	of	the	dopant	oxide,	GPCZnO	is	the	deposition	

rate	of	the	ZnO	and	n	is	the	number	of	monolayers	of	ZnO	deposited	per	super	cycle.	

This	is	just	one	reported	method	of	how	to	calculate	the	atomic	%	of	a	dopant	in	ZnO	

thin	 films.	 	 Other	 methods	 have	 been	 reported	 in	 the	 literature.	 Lee	 et	 al	 use	

information	 reported	 on	 by	 Elam	 and	 co-workers138	 which	 state	 that	 during	 the	

deposition	of	Al-doped	ZnO,	the	first	ALD	cycles,	the	growth	rate	of	Al2O3	on	ZnO	is	

72%	of	ZnO	when	deposited	on	Al2O3.		They	also	reported	that	when	ZnO	is	deposited	



21 

 

on	Al2O3,	ZnO	requires	a	stabilization	time	for	the	first	4	ALD	cycles.		As	a	result,	only	

81%	 of	 Zn	 atoms	 were	 deposited	 on	 Al2O3	 surface	 compared	 to	 when	 ZnO	 is	

deposited	on	a	ZnO	surface.		A	slightly	lower	growth	per	cycle	thus	is	expected	from	

this	laminate	growth	method.		Using	these	values,	the	atomic	%	of	Al	was	calculated	

using	equation	1.11	below:	

	

𝑎𝑡𝑜𝑚𝑖𝑐	% = 	
0.72	𝑥	𝑁/0

0.72	𝑥	𝑁/0 + 0.81	𝑥	4	𝑥	𝑁%& + (𝑅/12 − 4)𝑥	𝑁%&
	 1.11	

	

Where	4,	0.72	and	0.81	take	into	account	the	stabilization	time	required	by	Zn	or	Al	

atoms	and	RALD	represents	the	number	of	ALD	cycles.138	

Hou	et	al	based	their	calculations	on	the	assumption	that	the	real	Al	concentration	

was	more	similar	to	the	“rule	of	mixtures”	formula	and	therefore	incorporated	the	

densities	of	Zn	and	Al	to	obtain	atomic	%	of	Al	in	the	ZnO	films.	

	

𝑎𝑡𝑜𝑚𝑖𝑐	% = 	
𝜌/0𝐶/0!'"

𝜌/0𝐶/0!'" +	𝜌%&(1 − 𝐶/0!'")
	 1.12	

	

Where	𝐶/0!'"is	the	percent	of	Al	cycles	and	ρAl	and	ρZn	are	the	density	values	of	Al	and	

Zn	respectively.140	

1.8.1	ALD	of	Al-doped	ZnO	
Small	amounts	of	Al3+	has	been	known	to	 improve	ZnO	conductivity	and	Al-doped	

ZnO	(AZO)	has	been	widely	reported	in	literature.86,	141	Trimethylaluminium	(TMA)	

is	the	preferred	choice	of	Al-based	precursor	as	its	deposition	mechanism	has	been	

shown	 to	 be	 close	 to	 ideal.	 	 This	means	 that	 the	 surface	 reactions	 are	 truly	 self-

limiting	and	any	by-products	formed	as	a	result	of	the	reactions	are	inert.47	As	TMA	

is	the	most	reported	on	Al-based	precursor	here	we	focus	reviewing	the	prominent	

reports	on	AZO	using	TMA/H2O	by	thermal	ALD.	
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Due	to	the	layer-by-layer	super	cycle	growth	method	of	AZO,	the	even	distribution	of	

Al3+	 atoms	 in	 the	 ZnO	 lattice	 is	 difficult	 to	 achieve	 in	 the	 resultant	 nanolaminate	

structure.		Instead,	lamellar	distribution	of	Al3+	atoms	occur	in	the	thin	film	structure.		

Kessels	 et	 al	 proposed	 that	 the	 lateral	 distance	 between	 the	 Al2O3	 dopant	 layers	

affected	the	doping	efficiency	and	as	a	consequence	the	electrical	properties	of	the	

material.		Al	doping	of	ZnO	is	most	efficient	when	the	lateral	distance	is	higher	than	

the	critical	value	(lc	=	3.8	nm).142,	143	In	this	case	the	conductivity	of	the	films	increases	

with	increasing	cycles	of	ZnO.		However,	if	the	lateral	distance	is	much	below	lc	the	

conductivity	 of	 the	 films	 decreases	 with	 increasing	 cycles	 of	 ZnO.	 	 A	 similar	

hypothesis	was	reported	by	Lee	et	al	where	the	lc	was	in	the	range	of	2.3-2.6	nm.		Lee	

et	al	proposed	that	Al-doping	occurs	mainly	at	 the	 interface	between	the	ZnO	and	

Al2O3	dopant	layers.		Here,	the	Al3+	atoms	create	an	electric	field	at	the	interface.		The	

electric	 fields	caused	by	the	dopant	atoms	result	 in	Coulombic	 forces	between	the	

Al3+	 atoms	 which	 prevent	 further	 doping	 within	 each	 field.	 	 If	 the	 interspacing	

between	the	dopant	layers	is	too	small	the	electric	fields	can	overlap.		The	repulsive	

forces	between	the	electric	field	reduces	the	doping	efficiency	of	Al	in	the	subsequent	

layers.144,	145	

When	the	interspacing	between	the	dopants	is	far	below	lc	clustering	of	Al	dopants	

can	 occur	 at	 the	 interface.	 	 In	 this	 case	 stoichiometric	 Al2O3	 can	 form	 at	 the	

interface.145	Al2O3	can	act	as	scattering	centres	in	the	lattice	rather	than	added	to	the	

number	 of	 free	 electrons	 thus	 reducing	 the	 carrier	 concentration	 and	 a	 higher	

resistivity.146	In	order	to	prevent	clustering	the	dopant	layers	are	generally	kept	well	

separated	in	the	films.	

Several	methods	have	been	tested	to	improve	the	Al	distribution	in	thin	films.		Wu	et	

al	began	by	replacing	the	Al	precursor	TMA	with	dimethylaluminium	isopropoxide	

(DMAI).		They	showed	that	by	replacing	the	methyl	groups	with	a	bulky	isopropoxide	

group	the	steric	hindrance	effects	promoted	Al3+	separation	in	the	film	improving	the	

Al	distribution	in	the	film.		They	proved	that	by	improving	the	distribution	in	the	film	

similarly	improve	the	conductivity	of	the	material.147	
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Na	and	co-workers	altered	the	DEZ/	TMA	pulsing	sequence	where	TMA	is	introduced	

directly	 after	DEZ	 pulse	without	water	 exposure.	 	 They	 proved	 that	 changing	 the	

pulse	 sequence	 reduced	 the	 Al	 incorporation	 making	 the	 Al	 atoms	 more	

homogenously	distributed	throughout	the	lattice.148			Lee	et	al	reported	that	reducing	

the	pulse	time	of	the	TMA	left	unreacted	sites	on	the	surface	of	the	substrate	where	

the	ZnO	could	fill	first.		This	in	turn	increased	the	doping	efficiency	of	Al3+	increasing	

the	electron	concentration	by	improving	the	distribution	of	Al	atoms	in	the	film.144			

In	 order	 to	 get	 good	 electrical	 properties	 from	AZO	 films	Al	 concentration	 of	 2-5	

atomic	%	(eqn.	1.10)	have	been	studied.		The	bulk	of	the	literature	has	suggested	that	

Al	concentration	of	1.9-2.5	atomic	%	equivalent	to	19:1	or	20:1	ratio	ZnO:dopant	is	

the	optimum	concentration	for	low	resistivity	and	good	carrier	concentrations	in	the	

temperature	range	200-250⁰C.144-157	These	values	are	of	Al	content	are	not	all	verified	

by	XPS	and	are	a	guideline	only.	 	 It	was	observed	 that	when	 the	Al	 concentration	

exceeded	2	atomic	%	the	carrier	concentration,	mobility	and	resistance	worsened	

significantly.		Early	stages	of	ALD	growth	of	AZO	films	begin	as	island	growth	on	the	

substrate	 surface.	 	 As	 a	 result,	 conductance	 of	 the	 films	 are	 generally	 low	 during	

nucleation	and	increased	significantly	once	the	film	begins	to	form	a	complete	layer.		

Complete	coverage	has	been	reported	to	begin	after	50	ALD	cycles.124	Because	of	this	

nucleation	delay	the	growth	rate	of	AZO	films	varies	in	the	literature	and	is	highly	

dependent	on	the	growth	temperature.		The	growth	per	cycle	has	been	reported	to	

range	 from	0.13-0.125	 nm/cycle	 between	 200-325⁰C144,	 145,	 154,	 158with	 the	 growth	

rate	increasing	with	increasing	temperature.		In	this	case,	it	is	important	to	determine	

from	the	 literature	 the	optimum	temperature	at	which	 the	electrical	properties	of	

ZnO	are	at	their	best.	 	 In	this	case,	several	papers	determined	that	depositing	AZO	

films	using	a	19:1	ratio	 (~2	atomic	%)	at	200⁰C	gave	 the	 lowest	resistance	values	

while	maintaining	 good	optical	 properties.144,	 159-162	 Although	 the	GPC	of	 ZnO	and	

Al2O3	remain	constant	at	150-200⁰C	and	200-250⁰C	respectively.163	

There	is	some	variance	from	paper	to	paper	regarding	the	morphological	properties	

such	as	the	crystalline	orientation	of	AZO	films.		Kim	et	al	report	that	thin	films	grow	
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in	a	way	that	minimized	the	surface	energy	of	the	substrates	and	grow	in	the	lowest	

energy	 phase	 parallel	 to	 the	 substrate	 (epitaxial	 growth).	 	 In	 some	 cases,	 the	

substrate	is	amorphous	and	thus	there	is	no	influence	on	the	crystal	orientation	from	

the	substrate.		As	a	result,	the	ZnO	will	grow	in	the	low	energy	planes,	(002),	(110)	

and	 (100).151	Doping	ZnO	with	Al	will	 influence	 the	crystal	orientation	of	 the	ZnO	

lattice	as	atoms	Zn2+	are	substituted	by	Al3+	atoms.		The	preferred	orientation	post	

Al3+	incorporation	varies	across	the	literature.		In	some	cases	undoped	ZnO	reveals	a	

preferred	orientation	in	the	[100]	direction	and	the	(002)	peak	disappears	entirely	

once	doped	with	Al.151,	164,	165	On	the	other	hand	several	papers	report	that	the	(002)	

peak	 increases	 in	 intensity	 and	 becomes	 preferred	 over	 (100)	 peak	 once	 Al3+	 in	

incorporated.154,	 156,	 159,	 162	 In	 some	 cases	 the	 undoped	 ZnO	was	 deposited	with	 a	

preferred	crystalline	orientation	of	(002)	and	the	dominant	orientation	changed	to	

(100)	when	Al3+	was	incorporated.136,	137,	149,	164-166			

In	general	AZO	dominantly	changes	from	c-axis	(001)	to	a-axis	orientation	(110)	with	

increasing	temperature.		A	theory	proposed	by	Banerjee	et	al	suggests	that	undoped	

ZnO	 films	 are	 made	 up	 of	 alternating	 rows	 of	 Zn2+	 and	 O2-	 atoms	 resulting	 in	 a	

neutrally	charged	surface	in	the	(100)	direction.		As	Al3+	atoms	are	incorporated	the	

positively	charged	atoms	upsets	the	neutral	surface	of	the	(100)	plane.		As	a	result,	

the	surface	energy	changes	causing	a	change	in	orientation	to	the	(002)	plane.137		

The	opposite	has	also	been	reported	for	AZO	films	with	high	Al	concentrations	where	

AZO	 dominantly	 changes	 from	 a-axis	 (002)	 to	 c-axis	 (100)	 orientation	 with	

increasing	 temperature.105,	 167	 Where	 (100)	 is	 preferred	 at	 150⁰C	 and	 (002)	 is	

preferred	at	higher	temperatures	of	250⁰C.152,	163,	168,	169	

ZnO	 has	 been	 doped	 with	 various	 other	 elements	 using	 the	 same	 layer-by-layer	

methodology	and	some	of	the	hypotheses	proposed	for	AZO	films	can	similarly	be	

applied	to	other	dopant	elements.		With	the	vast	numbers	of	papers	published	on	Al-

doped	ZnO	using	TMA	as	Al-precursor	it	can	be	said	that	TMA	is	the	preferred	choice	

for	use	in	thermal	ALD.	
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1.8.2	ALD	of	Ti-doped	ZnO	
Doping	ZnO	with	transition	metals	is	not	widely	studied	or	reported	in	the	literature.		

Ti	 is	 one	 of	 the	 more	 reactive	 transition	metals	 with	 oxygen	 and	 can	 grow	 TiO2	

effectively	using	H2O	or	O2	as	a	co-reactant	by	ALD.		TiO2	has	been	reported	in	the	

literature	 as	 being	 deposited	 using	 TiCl3168,	 170,	 titanium	 isopropoxide,	 Ti	 (OCH	

(CH3)2)4,	 (TTIP)	 171-174,	 and	 tetrakis	 (dimethylamido)	 titanium,	 Ti	 (N	 (CH3)2)4,	

(TDMAT)	175-177,	TiCl4178	with	H2O	or	O2.	 	As	seen	with	AZO	films,	dopant	elements	

with	 slow	 growth	 rates	 can	 be	 advantageous	when	 trying	 to	 improve	 the	 doping	

efficiency	and	dopant	distribution	throughout	the	thin	film.		Due	to	the	suppression	

of	dopant	clustering	from	higher	doping	efficiencies	the	electrical	properties	of	the	

films	can	be	improved.	 	Ti-based	precursors	deposit	TiO2	 in	the	range	of	0.02-0.05	

nm/cycle	 much	 lower	 than	 ZnO	 or	 Al2O3	 (0.2	 nm/cycle	 and	 0.1	 nm/cycle	

respectively).	179			

Doping	mechanisms	of	Ti-doped	ZnO	(TZO)	films	have	not	been	extensively	studied.		

The	most	common	method	reported	in	literature	to	deposit	TZO	films	is	TTIP/H2O180-

184.	 	The	authors	corroborate	that	 the	optimum	temperature	 for	TZO	deposition	 is	

200⁰C.		In	addition,	all	studies	showed	that	the	incorporation	of	low	concentrations	

of	Ti	improved	the	conductivity	of	the	ZnO	films.		Lee	et	al181	comment	that	the	best	

TZO	films	demonstrate	better	conductivity	than	optimized	AZO	films	suggesting	that	

Ti	had	a	higher	doping	efficiency	than	Al.		General	trends	indicate	that	the	resistance,	

mobility	 and	 carrier	 concentration	 of	 TZO	 films	 improve	 with	 increasing	 Ti	

concentration.		Lee et al181 also explain how Ti is incorporated into the films as a Ti4+ ion 

by ALD.  When	the	Zn2+	ion	is	substituted	for	Ti4+	ions	there	are	two	free	electrons	

to	contribute	to	the	conductivity.181	However,	when	the	Ti	concentration	exceeds	the	

optimum	the	electrical	properties	degrade.		As	more	dopant	atoms	are	incorporated,	

the	Ti	atoms	group	near	the	grain	boundaries	forming	TiOx	depleting	the	number	of	

free	carriers	in	the	thin	film.		There	is	then	a	knock-on	effect	on	the	mobility	as	a	result	

of	 carrier	 scattering	 at	 the	 grain	 boundaries.181	Wan	 et	 al	 reported	 that	 the	 films	

changed	from	polycrystalline	to	amorphous	as	the	Ti	concentration	increased	which	

could	indicate	the	formation	of	the	TiOx	molecules	forming	at	high	concentrations.183			
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In	general,	TZO	grows	initially	as	c-axis	orientated	grains	as	the	c-orientated	grains	

have	 been	 reported	 to	 have	 a	 higher	 nucleation	 rate	 to	 the	 perpendicular	 a-axis	

orientated	grains.		As	the	film	increases	in	thickness	the	a-axis	orientation	grains	then	

become	dominant	in	the	film	resulting	in	a	preferential	change	from	[100]	to	[002]	

crystal	orientation.		There	has	been	some	disagreement	between	authors	regarding	

the	preferred	orientation	of	the	TZO	films	with	Bergum	et	al	reporting	(100)	peak	

decreasing	in	intensity	with	Ti	concentration	whereas	Ye	et	al	report	the	opposite	as	

(002)	decreases	in	intensity	with	Ti	concentration.180,	181	

TiCl4	has	also	been	used	 to	dope	ZnO	with	Ti.	 	However,	 the	ALD	window	 for	 the	

precursor	was	reported	as	200-400⁰C.		Even	at	such	high	temperatures	the	growth	

rate	of	TiO2	was	low	indicating	surface-hindered	growth.178	For	the	application	here	

with	prerequisites	such	as	low	deposition	temperatures	and	low	energy	processes	

TiCl4	is	not	viable.	

To	date	there	has	been	no	work	done	on	doping	ZnO	with	Ti	using	TDMAT	and	H2O	

as	co-reactants	by	 thermal	ALD.	 	The	small	 ligands	attached	to	 the	 titanium	metal	

could	assist	in	more	efficient	adsorption	to	the	substrate	increasing	the	growth	rate	

of	 TZO	while	 still	 gaining	 from	 the	 improvements	 in	 electrical	 properties	 of	 ZnO.		

TDMAT	has	been	shown	to	deposit	TiO2	at	0.041-0.054	nm/cycle	which	implies	that	

the	doping	distribution	of	Ti4+	 in	 the	ZnO	 lattice	 should	be	 sufficiently	efficient	 to	

prevent	clustering	of	Ti4+	atoms	and	thereby	increasing	the	resistance	of	the	films.185,	

186	

1.8.3	ALD	of	Hf-doped	ZnO	
In	general	little	research	has	been	done	on	doping	ZnO	with	group	IV	elements.		Geng	

et	 al	 describe	 the	 deposition	 of	 Hf-doped	 ZnO	 (HZO)	 films	 using	 tetrakis	

(ethylmethylamido)	hafnium	(IV),	Hf	(N	(CH3)	(C2H5)4),	(TEMAH)	and	H2O	by	thermal	

ALD.		The	growth	per	cycle	of	HfO2	was	measured	to	be	0.1	nm/cycle	similar	to	values	

obtained	 for	Al2O3.	 	Similar	 to	AZO	and	TZO	films	a	deviation	 from	the	 theoretical	

thickness	value	of	HZO	films	was	observed	with	the	deviation	increasing	as	the	Hf	

concentration	increased.		This	implies	that	there	is	a	nucleation	delay	of	DEZ	on	HfO2	
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hindering	the	adsorption	of	the	DEZ	molecules	on	the	surface.		The	incorporation	of	

Hf	into	the	ZnO	lattice	occurs	in	a	similar	way	to	Ti	doping.		Hf	deposits	by	ALD	in	the	

4+	state	and	thus	Zn2+	is	substituted	for	Hf4+	atoms	supplying	the	material	with	an	

additional	two	free	electrons.			

Geng	et	al187	observe	a	rapid	decrease	in	resistivity	as	Hf	is	incorporated	into	the	film	

with	the	lowest	value	being	achieved	when	using	a	10:1	ratio	ZnO:dopant.		However,	

at	high	concentrations	the	resistivity	begins	to	rise	again.		As	the	concentration	of	the	

Hf	 increases	 amorphous	HfOx	 aggregates	 in	 the	 grain	 boundaries	 of	 the	 thin	 film	

resulting	 in	 an	 increase	 in	 carrier	 scattering	 causing	 a	 decrease	 in	 mobility	 and	

carrier	concentration.			

HZO	films	grow	preferentially	in	the	[100]	direction	at	low	Hf	concentrations.		As	the	

Hf	 content	 increases	 the	 crystalline	 orientation	 changes	 from	 [100]	 to	 [002].		

Additionally,	the	(100)	peak	seen	at	31.8°	is	shifted	to	31.5°	at	high	Hf	concentrations.		

This	shift	is	attributed	to	the	difference	in	ionic	radius	of	Zn2+	and	Hf4+	(0.74	Å	and	

0.78	Å	respectively)	when	ZnO	is	doped	causes	an	expansion	of	the	crystal	lattice	and	

thus	the	lattice	parameter.			

	

1.9	Atomic	Layer	Deposition	of	V2O5		
Vanadium	 oxide	 has	 been	 deposited	 by	 a	 range	 of	methods	 including	magnetron	

sputtering188-192,	 pulsed	 laser	 deposition193-196,	 electron-beam	 evaporation197-199,	

chemical	 vapour	 deposition	 (CVD)200-205,	 spray	 pyrolysis206-209and	 sol-gel	

techniques210-212.		For	this	work,	the	deposition	of	V2O5	by	ALD	was	studied.			

Vanadium	oxide	can	exist	 in	oxidation	states	 from	V2+	 to	V5+	as	VO,	V2O3,	VO2	and	

V2O5.	 	However,	mixed	valence	states	of	vanadium	oxide	also	exist	as	other	oxides	

such	 as	 range	 of	 oxides	 between	 VO2	 and	 V2O3	 which	 contain	 both	 V4+and	 V3+	

oxidation	states.	

The	 most	 commonly	 desired	 oxide	 is	 V2O5	 due	 to	 its	 ability	 to	 undergo	 a	

semiconductor-metal	 transition	 phases.203	 This	 transition	 changes	 gives	 the	 oxide	
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both	electrochromic	and	thermochromic	properties	making	it	a	desired	material	for	

applications	such	as	smart	windows.	

Outlined	 in	 the	 following	 sections	 is	 a	 summary	 of	 precursors	 that	 have	 been	

reported	to	deposit	vanadium	oxide	by	atomic	layer	deposition.	

Vanadyl	acetylacetonate,	 [VO	(C5H7O2)2]	was	reported	by	Dagur	et	al213	 to	deposit	

VOx	at	400-475⁰C	with	O2	as	 its	co-reactant.	 	The	resultant	oxide	was	VO2	with	an	

oxidation	 state	 of	 4+.	 	 However,	 high	 deposition	 temperatures	 were	 required	 to	

deposit	 the	 oxide	 in	 order	 to	 ensure	 that	 the	 non-reactive	 O2	 gas	 would	 react	

sufficiently	with	the	precursor.		As	a	result	this	process	was	closer	to	a	CVD	process.	

Ostreng	 et	 al214,	 215	 reported	 deposition	 of	 VOx	 using	 vanadyl	 tetratmethyl	

heptadionate,	 [VO	 (C11H19O2)2]	 and	 ozone	 (O3).	 	 The	 precursor	 exists	 in	 the	 V4+	

oxidation	state	and	thus	it	was	expected	to	deposit	VO2.	 	However,	it	was	reported	

that	the	co-reactant,	O3	drives	further	oxidation	of	the	metal	oxide	forming	the	V5+	

oxidation	state	forming	either	amorphous	or	crystalline	V2O5.		In	addition,	the	growth	

per	 cycle	 of	 deposited	 V2O5	 was	 below	 one	 monolayer	 per	 cycle	 within	 the	

temperature	range	162-235⁰C	with	a	value	of	0.02-0.09	nm/cycle.		The	low	reactivity	

of	[VO	(C11H19O2)2]	makes	it	a	poor	candidate	for	the	deposition	of	V2O5	and	therefore	

little	investigation	in	the	precursor	has	been	done.	

One	 of	 the	 most	 commonly	 used	 vanadium	 precursor	 is	 vanadium	 oxy-tri-

isopropoxide,	[VO	(OC3H7)3]	(VTOP).		VTOP	can	be	used	to	deposit	V2O5	using	H2O,	O2	

or	O2	plasma	as	co-reactants.		Badot	et	al216	focused	on	depositing	VOx	using	H2O	as	a	

co-reactant	for	energy	storage	applications.	The	growth	rate	was	reported	as	being	

temperature-independent	between	50-100⁰C	at	a	rate	of	0.017-0.02	nm/cycle.		Above	

this	temperature	range	the	growth	per	cycle	increased	significantly	however	even	at	

190⁰C	the	growth	rate	remained	below	one	monolayer	per	cycle.		It	was	observed	that	

due	 to	 the	 bulky	 iso-propoxide	 ligands	 blocking	 the	 vanadium-oxygen	 bonds	 the	

reaction	with	H2O	proceeded	slowly	resulting	in	a	reduction	in	the	growth	rate.			
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Musschoot	et	al217	reported	on	the	deposition	of	V2O5	by	plasma-enhanced	ALD	(PE-

ALD)	and	thermal	ALD	using	VTOP	and	either	H2O	or	O2.		The	deposition	proceeded	

between	50-100⁰C	for	both	mechanisms.		PE-ALD	revealed	a	constant	growth	rate	of	

0.07	nm/cycle	which	was	significantly	higher	than	that	obtained	using	thermal	H2O.		

However,	 PE-ALD	 resulted	 in	 films	 contaminated	 with	 a	 higher	 concentration	 of	

carbon	 when	 using	 water	 plasma	 than	 when	 thermal	 water	 was	 used.	 	 It	 was	

commented	that	when	O2	plasma	was	used	the	carbon	concentration	in	the	thin	films	

was	reduced.	

Pure-phase	crystalline	V2O5	was	deposited	by	Chen	et	al218	using	VTOP	and	O3.		The	

growth	per	cycle	in	the	narrow	ALD	of	170-175⁰C	was	0.027	nm/cycle.		Due	to	the	

unfavourable	kinetics	due	to	steric	hindrance	the	reaction	between	the	precursor	and	

the	co-reactant	was	slow	at	lower	temperatures.			

Tetrakis	dimethylaminovanadium	(TEMAV)	and	H2O	or	O2	were	used	by	Wang	et	al	

to	deposit	VOx	at	50-200⁰C.		Temperature	independent	growth	was	observed	for	both	

co-reactants	 at	 50-120⁰C.	 	 The	 growth	 per	 cycle	 increased	 significantly	when	 the	

temperature	was	reduced	below	120⁰C.		However,	it	was	observed	that	the	growth	

rate	for	O3	remained	higher	for	H2O	than	O3.		These	methods	both	formed	amorphous	

thin	films	with	mixed	oxidation	states	of	V4+	and	V5+.	 	Both	Wang	et	al219	and	Lv	et	

al220	found	that	a	post	anneal	formed	VO2	and	using	this	precursor	the	desired	V2O5	

could	not	be	achieved	by	this	method.	

An	 extensive	 study	 of	 vanadium	 oxide	 was	 carried	 out	 by	 Blanquart	 and	 his	 co-

workers	using	tetrakis	ethylmethyl	amino	vanadium	(TEMAV)	and	either	ozone	(O3)	

or	 H2O	 as	 the	 co-reactant.221	 In	 both	 cases	 the	 deposition	 temperature	 range	

remained	100-175⁰C.		It	was	observed	that	the	growth	rate	of	VOx	was	higher	when	

H2O	was	used	as	a	co-reactant	and	self-limiting	growth	was	proven	at	150⁰C	for	both	

processes.	 	 In	order	to	obtain	the	desired	V2O5	a	post-growth	anneal	at	450⁰C	was	

carried	out	in	air	or	N2.		This	post-anneal	treatment	was	similarly	used	by	Rampelberg	

who	 found	 that	 V2O5	 could	 be	 obtained	most	 reliably	when	 using	 TEMAV	 and	O3	

followed	by	a	post-growth	anneal	treatment.222,	223,	224,	139	
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Chapter	2:	Introduction	to	Perovskite	Solar	Cells	
	

2.1	History	of	Perovskite	Solar	Cells	
The	 term	 “perovskite”	 was	 coined	 in	 1839	 named	 after	 a	 Russian	 mineralogist,	

Perovski,	when	Gustav	Rose	discovered	calcium	titanate	(CaTiO3).1,	2	Perovskites	are	

materials	 that	 exist	 with	 the	 molecular	 formula	 ABX3	 or	 have	 the	 same	 crystal	

structure	 as	 CaTiO3.3	 A	 commonly	 used	 perovskite	 material	 is	 a	 halide-based	

perovskite.		In	this	case,	A	is	a	cation	such	as	CH3NH3+	(methylammonium,	MA),	HC	

(NH2)2+	(formamidinium,	FA),	Cs+	and	Ru+.		The	anion,	B	are	generally	3d,	4d	or	5d	

transition	metals	in	an	octahedral	formation	such	as	Pb2+,	or	Sn2+	and	X	is	a	halogen	

(Br-,	 I-	 or	Cl-)	 (see	 figure	2.1).4	 It	was	 found	 that	 the	 lead-based	halide	perovskite	

exhibited	 the	 most	 attractive	 features	 with	 good	 optical	 absorption,	 electrical	

properties	including	high	electron	and	hole	mobility	and	low	surface	recombination.		

The	 first	 halide-based	 perovskite	was	 first	 reported	 by	Müller	 in	 1958	where	 he	

describes	the	structure	of	CsPbI3	and	CsPbBr3.5	

	

Figure	2.1:	Crystal	structure	of	an	organometallic	halide	perovskite	(MAPbX3)6,	7	

1991	is	noted	for	the	break-through	fabrication	of	the	dye-sensitised	solar	cell	(DSSC)	

based	on	the	mechanism	of	photosynthesis.		O’Regan	and	Gratzel	reported	that	using	

a	 DSSC	 sunlight	 could	 be	 converted	 into	 electrical	 energy.	 	 They	 reported	 power	

conversion	 efficiencies	 (PCEs)	 of	 roughly	 7%.8,	 9	 Inspired	 by	 the	 new	 method	 of	
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absorbing	 light,	 DSSC	 began	 incorporating	 perovskite	materials	 into	 their	 cells	 to	

improve	the	PCEs.			

The	 first	 photovoltaics	 fabricated	 using	 perovskite	 materials	 were	 reported	 by	

Miyasaka	et	al	who	replaced	the	dye	pigment	in	DSSC	with	organic-inorganic	hybrid	

perovskite	 halides,	 CH3NH3PbBr3	 resulting	 in	 power	 conversion	 efficiencies	 of	

3.13%.3,	 9-11	 After	 further	 studies	 the	 PCE	 was	 found	 to	 increase	 by	 0.68%	 once	

bromine	was	replaced	by	iodine.12		However,	a	more	extensive	study	of	this	area	was	

not	carried	out	due	to	low	PCEs	and	instability	caused	by	the	liquid	electrolytes	used	

as	hole	transport	materials.	

Large	 advancements	were	made	 in	 2012	 by	 two	 separate	 research	 groups.	 	 Kim,	

Gratzel	and	Park	fabricated	a	solid-state	meso-structured	perovskite	solar	cell	using	

a	perovskite	absorber	as	the	main	photoactive	layer.		They	were	able	to	replace	the	

liquid	 electrolyte	 with	 a	 solid	 hole	 transport	 material,	 Spiro-MeOTAD	 and	 used	

mesoporous-TiO2	as	its	corresponding	electron	transport	layer.13	Around	the	same	

time	Snaith	and	co-workers	also	reported	success	using	Spiro-MeOTAD	as	the	hole	

transport	material.		Several	other	developments	emerged	from	this	success.		Snaith	

et	al	concluded	that	mixed-halide	perovskite	materials	such	as	CH3NH3PbI3-xClx	had	

improved	 stability	 and	 charge	 transport	 than	 previously	 used	 CH3NH3PbI3.		

Extremely	thin	absorber	cells	were	also	created	by	coating	nanoporous-TiO2	with	a	

thin	perovskite	layer.		Open-circuit	voltages	of	the	cells	were	improved	by	replacing	

the	 nanoporous	 TiO2	with	 an	 insulating	Al3O3	 network.	 These	 alterations	 showed	

increased	PCEs	to	10.9%.10,	14		

Since	 then	perovskite	 solar	 cells	have	been	 fabricated	as	 two	different	 structures;	

mesoporous	 and	 planar	 structure.14	 Mesoporous	 structures	 are	 produced	 by	

depositing	the	absorber	PK	layer	on	top	of	a	porous	TiO2	layer.		The	absorber	layer	

then	self-assembles	in	the	gaps	of	the	TiO2.		This	method	can	prevent	leakage	in	the	

cell.		A	planar	structure	is	formed	by	deposited	several	hundred	nanometres	of	PK	in	

between	the	ETM	and	HTM	layers.		This	was	shown	to	improve	the	ease	at	which	the	

device	fabrication/configuration	procedure	occurs.		Both	methods	can	produce	cells	
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in	excess	of	15%	with	the	mesoporous	structure	still	in	more	common	use	than	the	

planar	structure.6,	15	

Fabrication	of	perovskite	 solar	 cells	has	grown	 in	photovoltaic	 research	as	power	

conversion	 efficiencies	 rapidly	 began	 to	 rise.	 	 To-date,	 the	 efficiencies	 of	 a	 single	

junction	perovskite	solar	cell	is	in	excess	of	20%.9,	15	

	

2.2	Operating	Principle	of	Solar	Cell	Devices	

Light	is	made	up	of	group	of	energised	particles	known	as	photons.		The	energy	of	a	

photon	is	dependent	on	the	frequency	(v)	or	wavelength	(ë)	when	the	photon	moves	

at	the	speed	of	 light	(c).	 	The	energy	of	a	photon	can	be	explained	by	equation	2.1	

below	where	h	is	Planck’s	constant.	

	 𝐸 = ℎ𝑣 = 	
ℎ𝑐
𝜆 	 2.1	

A	 solar	 cell’s	 working	 mechanism	 is	 related	 to	 the	 photovoltaic	 effect.	 	 The	

photovoltaic	effect	occurs	when	a	voltage	or	an	electric	current	is	generated	when	a	

material	 is	 exposed	 to	 light.	 	 Electrons	 in	 a	 materials	 valence	 band	 can	 become	

energised	when	 exposed	 to	 electromagnetic	 radiation	 of	 greater	 energy	 than	 the	

band	gap	of	the	material.		The	electrons	are	then	promoted	from	the	valence	band	to	

the	conduction	band	(leaving	a	hole	behind	in	the	valence	band	where	the	electron	

left	 from)	 where	 they	 are	 free	 to	 move	 freely	 through	 the	 material	 and	 conduct	

electricity.		The	photovoltaic	effect	is	very	similar	to	the	photoelectric	effect	where	

electrons	are	released	from	a	material	exposed	to	light	with	a	higher	energy	than	the	

band	gap	of	the	material.	

The	photovoltaic	effect	occurs	via	three	main	processes.				

(i) Absorption	of	light	energy	and	generation	of	electron-hole	pair	
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An	ideal	semiconductor	is	made	up	of	a	valence	band	and	a	conduction	band	which	

can	be	populated	with	electrons.		The	region	between	the	two	bands	is	known	as	the	

band	 gap	 where	 no	 electrons	 are	 able	 to	 populate.	 	 Relaxed	 electrons	 generally	

populate	the	low	energy	band	of	valence	band.		Absorbed	energy	causes	the	electrons	

to	be	promoted	from	the	valence	band	to	the	conduction	band	if	the	amount	of	energy	

absorbed	is	greater	than	the	band	gap	of	the	material.		Once	an	electron	is	promoted	

to	 the	 conduction	band,	 it	 leaves	 behind	 a	 void	 in	 the	 valence	band.	 	 This	 void	 is	

known	as	a	hole.		A	hole	behaves	like	a	positively	charged	ion	and	thus	the	exposure	

of	a	solar	cell	to	light	results	in	the	generation	of	an	electron-hole	pair.	

(ii) Separation	of	electron-hole	pair		

As	 soon	 as	 the	 electron-hole	 pair	 is	 generated,	 both	 carriers	 will	 soon	 want	 to	

recombine.	 	 If	 one	wants	 to	 collect	 the	 energy	 generated	 by	 the	 formation	 of	 the	

electron-hole	 pair	 measures	 must	 be	 in	 place	 to	 keep	 the	 electrons	 and	 holes	

separated.	 	 The	 design	 of	 a	 solar	 cell	 generally	 includes	 the	 placement	 of	 a	 semi-

permeable	membrane	or	material	on	either	side	of	the	absorber	(perovskite	absorber	

layer)	 where	 only	 electrons	 can	 flow	 through	 one	 material	 and	 holes	 through	

another.		For	perovskite	solar	cells,	a	hole	transport	material	(p-type)	and	an	electron	

transport	material	(n-type)	acts	as	this	semi-permeable	membrane	to	allow	the	flow	

of	holes	and	electrons	respectively.			

(iii) Extraction	of	charge	carriers	to	external	load	

Charge	carriers	are	then	transported	from	the	perovskite	cell	via	electrical	contacts.		

Once	the	electrons	have	passed	through	the	external	circuit	they	recombine	with	the	

holes	on	the	metal-absorber	contact	before	the	cycle	begins	again.		

	

2.3	Electrical	Characteristics	of	Solar	Cell	Devices	

Photovoltaic	 devices	 operate	 based	 on	 photo	 generated	 current	 and	 voltage	 after	

exposure	to	light.		When	a	cell	is	in	the	dark	no	photocurrent	should	be	generated.		
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The	voltage	generated	in	the	cell	at	zero	current	is	known	as	the	open-circuit	voltage,	

(Voc).	 	 This	 represents	 the	maximum	 voltage	 that	 is	 available	 from	 the	 cell.	 	 The	

current	 generated	 by	 the	 solar	 cell	 when	 the	 voltage	 across	 the	 device	 is	 zero	 is	

known	as	the	short-circuit	current,	(Isc).		As	the	Isc	is	the	maximum	current	that	can	

be	 obtained	 from	 the	 cell	 it	 represents	 the	 light-generated	 current.	 	 In	 order	 to	

eliminate	the	dependency	on	the	area	of	illumination	when	comparing	with	the	state-

of-the-art,	the	short-circuit	current	density,	Jsc	is	more	commonly	used	in	literature.		

The	Jsc	is	observed	to	decrease	with	increasing	band	gap	whereas,	the	Voc	increases	

with	increasing	band	gap.		For	any	load	resistance	applied	to	the	solar	cell,	RL,	the	cell	

produces	a	voltage	between	0	and	Voc.	 	Similarly,	it	also	produces	a	current,	I,	such	

that	V	=	IRL.		The	IV	is	calculated	when	the	cell	is	under	illumination.			

The	quantum	efficiency,	QE	 is	 the	ratio	of	 the	amount	of	electrons	 that	have	been	

transferred	 to	 the	 external	 load	 that	 were	 produced	 by	 incident	 light	 at	 a	 given	

wavelength.		Jsc	can	be	derived	from	equation	2.2	below,	

𝐽34 = 𝑞X 𝑏3(𝐸)	𝑄𝐸(𝐸)	𝑑𝐸	 2.2	

Where	bs(E)	 represents	 the	number	of	photons	of	 energy	 incident	 to	an	area	at	 a	

given	time	within	the	range	E	to	E	+	dE	and	q	is	the	electronic	charge.		QE	describes	

the	combined	charge	separation	efficiency,	absorption	co-efficient	of	 the	solar	cell	

material	and	the	efficiency	of	charge	extraction	in	the	device.		It	is	independent	of	the	

incident	 spectrum	 and	 thus	 is	 a	 standard	 quantity	 for	 comparing	 solar	 cell	

performance	under	various	conditions.			

For	photovoltaic	devices	to	efficiently	prevent	recombination	of	electrons	and	holes	

an	asymmetric	junction	is	required.		The	band	gap,	work	function,	spatial	variation	in	

electrical	properties	and	density	of	states	all	aid	in	the	formation	of	an	asymmetric	

junction	in	the	cell.		As	a	result,	when	a	load	is	present,	the	voltage	produced	between	

the	terminals	of	the	cell	generates	a	current	which	acts	in	the	opposite	direction	to	

the	photo	generated	 current.	 	The	net	 current	 is	 then	used	 for	 the	 Isc	 value.	 	This	
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reverse	current	is	called	the	dark	current,	Jdark.		Jdark	varies	for	an	ideal	diode,	equation	

2.3.	

	 𝐽*-56(𝑉) = 	 𝐽+(𝑒
78
6#9 − 1)	 2.3	

Where	Jo	is	a	constant,	kb	is	Boltzmann’s	constant	and	T	is	temperature	in	Kelvin.		The	

total	 IV	 response	 of	 the	 cell	 is	 then	 calculated	 as	 the	 sum	of	 the	photo	 generated	

current	(forward	direction)	and	the	dark	current	(reverse	direction)	(eqn.	2.4).		

	
𝐽 = 𝐽34 	− 	 𝐽*-56 	

2.4	

The	maximum	 voltage	 of	 the	 cell,	 open	 circuit	 voltage	 (Vo)	 is	 observed	when	 the	

contacts	 are	 isolated.	 	 This	 I	 seen	 when	 the	 dark	 current	 and	 the	 open	 circuit	

photocurrent	values	cancel	out.	

	 𝑉+4 =	
𝑘𝑇
𝑞 𝑙𝑛 \

𝐽34
𝐽+
+ 1]	 2.5	

From	equation	2.5,	it	is	evident	that	the	Voc	increases	with	light	intensity.			

	

	

Figure	2.2:	(a)	Typical	J-V	curve	of	a	photovoltaic	cell	when	under	illumination	and	in	

the	dark,	(b)	Curve	graphing	the	output	power	density	against	voltage	indicating	the	
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short-circuit	density,	(Jsc),	open	circuit	voltage,	(Voc)	and	maximum	power	point,	(Vmp,	

Jmp)16	

As	mentioned	 earlier,	 open	 circuit	 voltage	 and	 short	 circuit	 current	 describe	 the	

output	voltage	and	current	of	the	solar	cell	respectively.		The	cell	maximum	power	

output	or	cell	power	density	can	be	described	by	equation	2.6	below.	

	
𝑃 = 𝐽𝑉	

2.6	

From	figure	2.2(b),	short	circuit	density,	Jsc	is	calculated	when	voltage	across	the	cell	

is	zero.		Similarly,	the	open	circuit	voltage,	Voc	is	obtained	when	the	current	density	

of	the	cell	is	zero.		The	maximum	power	output,	(Pmp)	of	the	cell	occurs	at	a	voltage,	

Vmp	and	respective	current	density,	Jmp	as	illustrated	in	figure	2.2(b).		The	resulting	

fill	factor	(FF)	describes	the	squareness	of	the	J-V	curve	and	is	an	important	figure	of	

the	merit	for	the	cell	(eqn.	2.7).17		

	 𝐹𝐹 =
𝐼:,	𝑉:,
𝐼34𝑉+4

	 2.7	

The	power	conversion	efficiency	(PCE)	of	a	device	is	explained	using	ç	and	is	defined	

as	the	ratio	of	power	input	to	power	output	of	a	solar	cell	device	(eqn.	2.8).	

	

𝑃𝐶𝐸 =
𝑃+;.
𝑃<&

=
𝐽:,𝑉:,
𝑃<&

=
𝑉+4𝐼34𝐹𝐹
𝑃<&

	 2.8	

Jsc,	Voc,	FF	and	ç	are	the	four	main	characteristics	that	described	the	quality	of	a	solar	

cell	device.		In	order	to	ensure	a	standard	method	for	comparison	amongst	other	solar	

cells	a	standard	test	condition	has	been	developed	where	cells	are	illuminated	using	

an	incident	power	density	of	1000	Wm-2,	an	Air	Mass	(AM)	1.5	illumination	spectrum	

at	a	temperature	of	25oC.18		
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2.4	Working	Mechanism	of	Perovskite	Solar	Cells	

As	previously	mentioned	a	solar	cell	contains	a	light	absorbing	material	that	absorbs	

photons	which	cause	the	generation	of	electron-hole	pairs	which	can	be	extracted	

from	the	cell	via	the	hole	transport	material	(HTM)	and	electron	transport	material	

(ETM)	to	the	external	load	connected	to	the	cell	in	an	asymmetric	manner.			

There	are	a	range	of	solar	cell	structures	that	are	in	use	today	such	as	the	p-n	junction	

solar	cell,	dye-sensitised	solar	cell	and	perovskite	solar	cell.		Most	solar	cells	are	based	

upon	the	principles	of	a	p-n	junction.			

A	p-n	junction	forms	when	a	p-type	material	and	an	n-type	material	come	together.		

Excess	electrons	from	the	donor	n-type	material	migrate	across	the	depletion	zone	to	

recombine	with	 the	positive	holes	 in	 the	p-type	material.	 	The	electrons	 that	have	

migrated	across	have	now	left	behind	positively	charged	holes	in	their	stead.	 	As	a	

result,	the	excess	electrons	that	exist	in	the	acceptor	material	will	migrate	across	to	

recombine	 with	 the	 negatively	 charge	 electrons	 in	 the	 n-type	 material.	 	 This	

continues	until	enough	electric	field	has	been	built	up	between	the	n-type	and	p-type	

materials	preventing	further	migration	across	the	depletion	zone	(figure	2.3).			

	

Figure	2.3:	Schematic	of	a	p-n	junction	outlining	the	depletion	zone,	n-type	and	p-type	

layers19		
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Dye-sensitised	solar	cells	contains	a	photoactive	dye	that	generates	electrical	energy	

once	exposed	to	light.		The	dye	absorbs	photons	from	incident	light	and	causes	the	

excitation	 of	 electrons	 in	 the	 dye.	 	 The	 excited	 electrons	 then	 migrate	 to	 the	

conduction	 band	 of	 a	 semiconductor	 material	 (usually	 TiO2)	 where	 they	 are	

transported	to	the	conductive	electrode.		A	liquid	electrolyte	closed	the	circuit	so	that	

the	oxidised	dye	can	be	regenerated	to	begin	the	circuit	again	(figure	2.4).			

	

Figure	2.4:		Illustration	of	the	operating	mechanism	of	dye-sensitised	solar	cells20	

Perovskite	solar	cell	devices	are	made	up	of	a	perovskite	absorber	layer	between	an	

n-type	semiconductor	and	a	p-type	semiconductor.		The	perovskite	material	absorbs	

photons	 and	 excites	 electrons	 in	 the	 material	 forming	 electron-hole	 pairs.	 	 The	

charges	are	 then	separated	allowing	 the	electrons	 to	be	extracted	via	 the	electron	

transport	material	 to	 the	 external	 load.	 The	 charge	 separation	 and	 extraction	 can	

occur	via	two	possible	reactions:	(a)	photo	generated	electrons	can	be	injected	into	

ETM	 first	with	 the	 injection	 of	 holes	 into	 the	HTM	 subsequently	 or	 (b)	 the	photo	

generated	holes	are	injected	into	the	HTM	first	and	the	photo	generated	electrons	are	

injected	into	the	ETM	subsequently.21	These	reaction	mechanisms	are	illustrated	by	

figure	2.5	below.	
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Figure	2.5:	Schematic	outlining	the	energy	levels	and	electron	transfer	processes	in	p-i-

n	 architecture	 perovskite	 solar	 cell.	 	 The	 charge	 transfer	 processes	 1-7	 are	 further	

explained	by	equations	2.9-2.17	below.21	

1a	
(𝑒) −	ℎ=)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒]

→ 	 𝑒4>) 	[𝐸𝑇𝐿] +	ℎ=	[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒]	 2.9	

	

1b	
	ℎ=	[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 	ℎ=[𝐻𝑇𝐿]	

2.10	

	

2a	
(𝑒) −	ℎ=)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒]

→ 	ℎ=[𝐻𝑇𝐿] + 𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒]	 2.11	

	

2b	
𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 	 𝑒4>) 	[𝐸𝑇𝐿]	

2.12	

Undesired	 reactions	 such	 as	 photoluminescence,	 non-radiated	 recombination	 and	

exciton	elimination	all	compete	with	the	extraction	of	the	charge	carriers	(eqn.	2.13,	

2.14)			
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3	
(𝑒) −	ℎ=)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → ℎ𝑣	

2.13	

4	
(𝑒) −	ℎ=)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 𝛻	

2.14	

The	electrons	are	then	transferred	back	to	the	ETL	and	the	holes	are	transferred	to	

the	HTL	before	recombining	at	the	interface	between	the	electron	and	hole	transport	

materials	(eqn.	2.15-2.17).	

5	
𝑒4>) 	[𝐸𝑇𝐿] +	ℎ=[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 𝛻	

2.15	

6	
ℎ=	[𝐻𝑇𝐿] +	𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 𝛻	

2.16	

7	
ℎ=	[𝐻𝑇𝐿] +	𝑒4>) 	[𝐸𝑇𝐿] → 𝛻	

2.17	

The	power	 conversion	 efficiency	 (PCE)	 of	 the	 cell	 is	 dependent	 on	 the	 kinetics	 of	

these	reactions.22	

	

2.5	Device	Architecture		

Due	to	the	tuneable	bandgap	and	optoelectronic	properties	of	perovskites,	it	makes	

it	possible	 to	 fabricate	PK	solar	cells	 in	a	variety	of	architectures.14	There	are	 two	

main	 structure	 previously	 mentioned	 in	 section	 2.1,	 mesoporous	 and	 planar	

structures.	 	 Each	 structure	 can	 then	 be	 fabricated	 depending	 on	which	 transport	

material	 is	 exposed	 to	 light	 first.	 	 Where	 the	 ETL	 is	 exposed	 to	 light	 first	 the	

configuration	 is	known	as	an	n-i-p	architecture.	 	Conversely,	where	the	HTL	is	 the	

first	 to	 encounter	 light	 the	 configuration	 is	 known	 as	 a	 p-i-n	 architecture.23	 The	

processing	 and	 fabrication	 requirements	 differ	 depending	 on	 the	 perovskite	

structures.		As	a	result,	different	HTM,	ETM	and	metal	contacts	are	used	depending	

on	 the	 configuration	 of	 the	 cell.	 	 The	 conventional	 and	 inverted	 structures	 are	

illustrated	in	figure	2.6.	
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Figure	2.6:	Schematics	of	conventional	and	inverted	architectures	of	perovskite	solar	

cells	including	(a)	n-i-p	mesoscopic,	(b)	n-i-p	planar,	(c)	p-i-n	inverted	mesoscopic	and	

(d)	p-i-n	inverted	planar	structure24	
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2.5.1	Conventional	n-i-p	Configuration		

The	n-i-p	configuration	is	the	most	commonly	used	for	mesoscopic	perovskite	solar	

cells	which	have	been	reported	to	give	one	of	the	highest	efficiency	solar	cells.25,	26	A	

mesoscopic	 n-i-p	 structure	 (figure	 2.6	 (a))	 generally	 consists	 of	 a	 transparent	

conducting	oxide	cathode	(usually	FTO),	an	electron	transport	material,	mesoporous	

metal	 oxide	 (TiO2)	 filled	with	perovskite	material,	 hole	 transport	material	 and	 an	

anode	(Au).	 	The	mesoscopic	layer	reduces	the	carrier	length	reducing	the	leakage	

current	between	the	anode	and	the	cathode.		Light	absorption	improves	due	to	light	

scattering	in	the	porous	structure.		However,	due	to	low	open	circuit	voltages	(Voc)	

and	short-circuit	densities	(Jsc)	obtained	due	to	limited	grain	growth	of	the	perovskite	

in	the	pores	of	the	m-TiO2	other	structures	were	also	explored.24	

Planar	n-i-p	structures	(figure	2.6	(b)),	consist	of	an	ETL	and	HTL	sandwiching	the	

perovskite	absorber	layer	and	does	not	use	a	mesoporous-TiO2	layer.		By	improving	

the	interface	between	each	layer	in	the	structure,	similar	efficiencies	can	be	achieved	

using	a	planar	n-i-p	structure	as	mesoscopic	n-i-p.		Planar	n-i-p	structures	have	been	

reported	to	exhibit	enhanced	Voc	and	Jsc	values	relative	its	mesoporous	counterpart.		

However,	 due	 to	 pre-existing	 interface	 issues,	 planar	 n-i-p	 structures	 have	 been	

known	to	exhibit	signs	of	hysteresis	(see	section	2.6).	

2.5.2	Inverted	p-i-n	Configuration	

The	 inverted	planar	p-i-n	 structure	 is	 fabricated	by	changing	 the	deposition	order	

where	 the	HTM	is	 the	 first	 transport	material	 to	be	exposed	to	 light.	 	 In	 this	case,	

organic	and	inorganic	hole	transport	materials	have	been	used.		Deposition	methods	

used	to	deposit	inorganic	HTM	are	not	often	compatible	with	the	n-i-p	configuration	

and	 can	 result	 in	 the	 degradation	 of	 the	 underlying	 absorber	 layers.	 	 When	 the	

structure	is	inverted	there	are	less	limitations	on	the	deposition	methods	available	

for	 deposition	 of	 the	 HTM.	 	 Most	 commonly	 used	 is	 polymer	 poly	 (3,	 4-

ethylenedioxythiophene)	 Poly	 (styrene-sulfonate)	 or	 PEDOT:	 PSS	 deposited	 on	

ITO.27,	28	Sputtered	NiO	has	also	been	reported	as	a	successful	HTM	for	inverted	p-i-n	

structures.29	The	use	of	inorganic	oxides	as	a	HTM	has	also	made	it	possible	for	the	
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fabrication	of	 the	mesoscopic	p-i-n	 architecture.30	NiO/mp-Al2O3	or	c-NiO/mp-NiO	

materials	have	been	used	to	produce	the	mesoporous	layers.24,	31,	32		

	

2.6	Challenges	
2.6.1	Stability	

Although	 the	power	 conversion	 efficiencies	 of	 perovskite	 solar	 cells	 have	 risen	 to	

>20%	in	the	last	number	of	years,	long-term	stability	remains	an	issue	that	needs	to	

be	 overcome.	 	 It	 has	 been	 reported	 that	 exposure	 to	 high	 humidity	 and	 oxygen,	

moisture,	UV	radiation	and	high	 temperatures	have	caused	the	degradation	of	 the	

perovskite	solar	cell.3		

CH3NH3PbI3	 has	 been	 known	 to	 hydrolyse	 when	 exposed	 to	 moisture	 due	 to	 its	

sensitivity	 to	 water.	 	 The	 degradation	 of	 CH3NH3PbI3	proceeds	 via	 the	 following	

reactions:	

𝐶𝐻$𝑁𝐻$𝑃𝑏𝐼$	(𝑠) ↔ 𝑃𝑏𝐼!	(𝑠) +	𝐶𝐻$𝑁𝐻$𝐼	(𝑎𝑞)		 2.18	

𝐶𝐻$𝑁𝐻$𝐼	(𝑎𝑞) ↔ 	𝐶𝐻$𝑁𝐻!	(𝑎𝑞) + 𝐻𝐼	(𝑎𝑞)		 2.19	

4𝐻𝐼	(𝑎𝑞) +	𝑂!	(𝑔) ↔ 	2𝐼! + 2𝐻!𝑂	(𝑙)		 2.20	

2𝐻𝐼	(𝑎𝑞) ↔ 	𝐻!	(𝑔) + 𝐼!	(𝑠)		 2.21	

A	photochemical	reaction	causes	HI	to	degrade	to	H2	and	I2	under	UV	radiation.		It	

can	also	decompose	via	a	redox	reaction	when	in	the	presence	of	O2	(eqn.	2.20).		The	

degradation	 of	 HI	 drives	 the	 decomposition	 reactions	 to	 completion33.	 	 As	 the	

perovskite	material	is	apparently	sensitive	to	moisture	and	oxygen	many	processing	

steps	must	be	carried	out	in	an	inert	environment	such	as	a	glove	box.	
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It	 has	 also	 been	 well	 reported	 that	 perovskites	 are	 affected	 by	 highly	 humid	

conditions.	 	 Seok	 et	 al,	 describes	 that	 CH3NH2PbBr3	 begin	 to	 decompose	 at	 55%	

humidity	resulting	in	the	perovskites	colour	changing	from	black	to	dark	brown	and	

finally	to	a	yellow	colour26.		However,	they	were	able	to	show	that	CH3NH2PbI3	was	

more	sensitive	to	the	humidity	than	its	counterpart34.		

Thermal	stability	of	the	cell	can	also	become	a	degrading	factor	when	the	solar	cell	

device	is	illuminated.	 	Much	of	the	energy	being	generated	from	the	cell	is	emitted	

through	heat	energy.		If	the	cell	is	unable	to	handle	the	heat	of	the	device	the	lifetime	

of	 the	 device	 can	 be	 reduced.	 	 CH3NH2PbI3-xClx	 was	 also	 tested	 under	 high	

temperatures	 by	 Tan	 et	 al	 who	 annealed	 the	 perovskite	 at	 100⁰C	 for	 1	 hour.		

Subsequently,	the	temperature	was	raised	every	10	minutes	in	increments	of	10⁰C.		It	

was	observed	that	large	grains	began	to	form	on	the	perovskite	surface,	however,	and	

PbI3	crystals	were	also	evident	on	the	surface	often	forming	islands.		Large	gaps	in	

the	film	caused	by	the	island	formation	caused	reduced	contact	between	the	ETL	and	

HTL	further	reducing	the	efficiency35.		

As	explained	 in	 section	2.5,	 the	most	 commonly	 fabricated	perovskite	 solar	 cell	 is	

made	up	of	compact	and	mesoporous	TiO2	used	as	an	ETL.	 	At	the	ETL/perovskite	

interface,	 degradation	 of	 the	 perovskite	 can	 occur	 when	 exposed	 to	 intense	 UV	

radiation.		The	mechanism	for	such	decomposition	is	described	as	follows:	

2𝐼) ↔	𝐼! +	2𝑒)				(TiO2/Perovskite	interface)	 2.22	

3𝐶𝐻$𝑁𝐻$= ↔	3𝐶𝐻$𝑁𝐻! ↑ +	3𝐻=	
2.23	

𝐼) +	𝐼! 	+ 	3𝐻= +	2𝑒) ↔ 	3𝐻𝐼 ↑	
2.24	

The	structure	of	the	perovskite	is	broken	down	as	the	TiO2	extracts	electrons	from	I-	

(eqn.	 2.22).	 	 The	 reaction	 is	 driven	 to	 completion	 by	 the	 elimination	 of	 H+	 and	

evaporation	 of	 CH3NH2	 (b.p.	 17⁰C)	 from	 equations	 2.24	 and	 2.23.	 	 The	 electrons	
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previously	 extracted	 from	 the	 interface	 then	 reduce	 I2	 and	 the	 remaining	 HI	

evaporates.33	

Many	 methods	 have	 been	 studied	 in	 an	 attempt	 to	 improve	 the	 stability	 of	 the	

perovskite	 layer.	 	 Sb2S3	 has	 been	 inserted	 into	 the	 interface	 between	 TiO2	 and	

perovskite	 as	 a	 surface	 blocking	 layer.	 	 It	 was	 observed	 that	 the	 stability	 of	 the	

perovskite	 increased	significantly	while	maintaining	 its	absorption	properties	and	

crystal	structure.36,	37		

Encapsulation	methods	have	also	been	successfully	used	for	CIGS	cells	to	improve	the	

stability	of	the	devices	by	protecting	them	from	exposure	to	the	elements.	 	Double	

glass	layers	have	been	applied	to	front	and	back	of	CIGS	cells	to	prevent	exposure	to	

air	and	moisture.33These	encapsulation	techniques	have	just	started	being	applied	to	

perovskite	solar	cell	devices.38-40			

2.6.2	Hysteresis	

It	is	important	to	maintain	a	stable	power	output	when	fabricating	efficient	and	stable	

perovskite	 solar	 cell	 devices.	 	 However,	 to	 date	 there	 has	 been	 evidence	 of	 J-V	

hysteresis	 in	 the	 PSCs.	 	 Hysteresis	 is	 observed	when	 the	 direction	 or	 the	 rate	 of	

voltage	 sweep	 is	altered	giving	different	values	when	scanned	 in	 the	 forward	and	

reverse	bias.	 	 It	has	been	reported	 that	when	a	device	 is	held	 in	 the	 forward	bias	

before	 the	measurement	 this	 can	 lead	 to	 a	 higher	 efficiency	 result	 than	when	 the	

device	is	held	in	the	reverse	bias.		This	can	put	into	question	the	integrity	of	the	power	

conversion	efficiencies	calculated	for	each	device.24,	41	

There	 are	 several	 causes	 that	 have	 been	 reported	 in	 literature	 including	

ferroelectricity,	ion	migration	and	charge	trapping	that	have	led	to	J-V	hysteresis.42	

Small	 perovskite	 crystals	 formed	 in	 the	 absorber	 layer	 have	 been	 known	 to	 trap	

charges	due	to	the	presence	of	grain	boundaries	around	the	crystals.43	These	crystals	

have	been	reported	as	being	in	the	interface	layer	between	the	perovskite	and	the	

transport	layers.		This	charge	trapping	results	in	an	unbalanced	charge	collection	rate	
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at	the	transport	layers.		If	the	rate	of	charge	transfer	between	the	perovskite	and	the	

n-	or	p-	type	materials	differ,	charges	will	begin	to	gather	at	the	interfaces	reducing	

the	charge	collection	rate.	 	The	grain	boundaries	can	 induce	recombination	of	 the	

electron-hole	pairs	further	reducing	the	collection	rate.	 	Once	the	collection	rate	is	

reduced	so	does	the	efficiency	of	the	device.44,	45	

Hysteresis	is	particularly	pronounced	in	perovskites	with	the	planar	architecture.		It	

has	 been	 found	 that	 perovskite	 solar	 cells	 with	 mp-TiO2	 in	 its	 structure	 have	 a	

reduced	effect	of	hysteresis	due	 to	 the	presence	of	 larger	perovskite	 crystal	 grain	

sizes	compared	to	cp-TiO2	used	in	conventional	n-i-p	architectures.	 	This	has	been	

attributed	to	better	interfaces	between	the	ETL	and	perovskite	resulting	in	shorter	

diffusion	lengths	for	carrier	collection.46	It	has	also	been	reported	that	thinning	the	

mesoporous	 layer	 can	 also	 exacerbate	 the	 hysteresis	 observed	 in	 the	 device.47	 In	

order	to	reduce	this	effect	PCBM	has	been	incorporated	into	the	grain	boundaries,	by	

combining	the	perovskite	and	PCBM	solutions,	to	passivate	the	charge-traps	reducing	

the	effect	of	hysteresis.	For	conventional	n-i-p	devices	that	use	cp-TiO2,	Snaith	et	al,	

began	to	passivate	the	ETL	with	C60-SAM	and	PCBM	where	they	concluded	that	the	

formation	 of	 charge	 traps	 were	 inhibited	 at	 the	 interface	 reducing	 the	 effect	 of	

hysteresis.48	

Another	possible	explanation	of	hysteresis	can	be	explained	by	ion	migration.		When	

an	external	forward	bias	is	applied	to	the	device	the	ionic	carriers	are	able	to	migrate	

against	the	direction	of	the	electric	 field	close	to	the	electrodes.	 	Here	the	positive	

ions	can	travel	to	the	anode	and	the	negative	ions	can	travel	to	the	cathode.		When	

the	 field	 is	 lifted	 and	 the	 cell	 is	 illuminated	 the	 migrated	 ions	 allow	 for	 the	

stabilisation	of	the	density	of	charges	near	each	of	the	contacts.		This	method	acts	like	

n-	or	p-type	doping	at	the	charge	collection	contacts.		Eventually	the	migrated	ions	

will	dissipate	and	redistribute	across	the	perovskite	absorber	layer	and	the	solar	cell	

must	function	without	the	added	doping	near	the	electrodes.49				



64 

 

Wei	et	al	report	that	commonly	used	perovskite	CH3NH3PbX3	(X	=	I,	Br,	Cl)	exhibits	

ferroelectric	properties	and	has	drawn	a	link	between	hysteresis	and	the	presence	of	

this	ferroelectric	component.50	They	showed	the	mixed	halide	CH3NH3PbI3-xClx	had	

signs	of	J-V	hysteresis.		The	band	structure	at	the	interface	of	a	perovskite	material	

can	 be	 manipulated	 to	 change	 polarisation	 if	 the	 material	 contains	 ferroelectric	

character.		The	change	in	polarisation	can	result	in	varying	the	PCE	output	between	

the	forward	and	reverse	sweep.		Negative	poling	has	been	shown	to	prevent	charge	

separation	in	the	device	reducing	the	calculated	PCE.		This	was	particularly	observed	

in	 perovskite	 cell	 devices	with	 the	 planar	 architecture	where	 the	 perovskite	was	

especially	sensitive	to	an	external	bias.	 	 In	order	to	combat	this	anomaly	in	planar	

PSCs,	C60/fullerene	molecules	such	as	polystyrene	sulfonate	 (PEDOT:PSS),	phenyl-

C61-butyric	acid	methyl	ester	(PCBM)	and	lithium	fluoride	(LiF)	have	been	used	as	

interlayers	 into	 planar	 devices	 using	 perovskite	 CH3NH3PbI3.48,51,52	 As	 mentioned	

earlier,	 the	C60	molecules	are	able	 to	passivate	 the	 trapped	charges	by	 interacting	

with	the	halide	rich	defective	regions	at	the	grain	boundaries	of	the	perovskite.			

McGehee	et	al53	reports	that	soaking	the	PSC	device	with	light	under	a	positive	bias	

prior	to	electrical	characterisation	can	lead	to	improved	fill	factor	values,	short	circuit	

density,	(Jsc)	and	PCE	of	the	devices.		However,	it	was	also	observed	that	light	soaking	

the	cells	under	a	negative	bias	prior	 to	electrical	characterisation	can	degrade	the	

PCE	of	the	device.		The	PCEs	of	the	devices	are	generally	modulated	by	scanning	the	

cells	under	forward	and	negative	bias	under	dark	conditions.41	

	

2.7	Perovskite	Tandem	Devices	

As	previously	noted,	 single-junction	perovskite	based	solar	cell	devices	have	been	

able	 to	 achieve	 PCEs	 in	 excess	 of	 20%.	 	 William	 Shockley	 and	 Hans	 J.	 Queisser	

calculated	that	a	single	p-n	junction	solar	cell	had	a	maximum	theoretical	PCE	limit	of	

30%	assuming	the	sun	is	blackbody	radiation	(6000	K),	there	is	an	absence	of	non-

radiative	recombination	and	the	band	gap	of	the	material	is	between	1.1-1.4	eV.54	As	
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the	current	single	junction	devices	are	approaching	this	theoretical	efficiency	limit,	

tandem	solar	cells	have	been	proposed	to	replace	single	junction	devices	to	enable	to	

continuation	 of	 this	 progress.55	 A	 tandem	 cell	with	 two	 electrical	 contacts	 (better	

known	 as	 a	 two	 terminal	 or	monolithic	 tandem	 solar	 cell)	 has	 been	 calculated	 to	

potentially	be	able	to	achieve	a	PCE	of	42%	assuming	the	bandgaps	of	the	materials	

are	1.0-1.9	eV.56	Perovskite/Si	tandem	devices	have	been	theoretically	calculated	to	

achieve	41%	efficiency.55	The	perovskite	sub	cell	acts	to	top	up	the	efficiency	of	the	

c-Si	solar	cell	and	does	not	require	to	have	power	conversion	efficiencies	exceeding	

that	of	c-Si.			

Due	to	their	sharp	absorption	band	edge	and	tuneable	band	gap,	perovskite	solar	cells	

are	the	ideal	candidate	to	incorporate	into	a	tandem	solar	cell.			

Tandem	solar	cells	are	made	up	of	the	combination	of	two	solar	cells.	 	There	are	a	

wide	 variety	 of	 perovskite-tandem	 devices;	 perovskite-perovskite,	 perovskite-

organic	and	perovskite-inorganic	solar	cells.58	For	the	sake	of	this	research,	we	focus	

on	 perovskite-inorganic	 tandem	 solar	 cells	 where	 PCEs	 of	 20.5-25.5%	 have	 been	

achieved	for	perovskite/Si	tandem	cells.59-62	

The	 majority	 of	 perovskite-inorganic	 solar	 cell	 devices	 are	 made	 up	 of	 a	 wide-

bandgap	perovskite	solar	cell	and	a	low	bandgap	inorganic	solar	cell.		Here	the	wide-

bandgap	material	absorbs	high	energy	photons	and	the	bottom	cells	absorbs	the	low	

energy	photons	broadening	the	spectral	range	the	cell	can	absorb.55,	63		

There	is	also	an	incentive	to	utilise	already	optimised	or	commercialised	technology	

and	combine	it	with	the	perovskite-based	solar	cell.		Such	commercialised	technology	

includes	silicon	or	copper	indium	gallium	selenide	(CIGS).55	Most	work	has	been	done	

combining	silicon	solar	cells	and	perovskite	solar	cells.	

Tandem	solar	cells	can	be	fabricated	as	either	a	2T	(two-terminal	or	monolithic)	or	

4T	 (four-terminal)	 tandem	 device.	 	 A	 4T	 device	 requires	 four	 electrical	 contacts,	

where	three	of	these	must	be	semi-transparent	to	allow	light	absorption	into	the	cell.		
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The	 2T	 device	 requires	 only	 two	 electrical	 contacts	 where	 one	 must	 be	 semi-

transparent.		By	placing	two	solar	cells	in	tandem,	the	efficiency	of	the	cell	increases	

as	each	individual	cell	will	be	producing	electrical	energy	and	the	power	conversion	

efficiencies	for	these	cells	is	additive.64	

Since	the	recombination	layers	are	required	to	be	transparent	and	most	TCOs	are	not	

completely	transparent	it	is	more	desirable	to	have	two	electrical	contacts	instead	of	

four	 in	 the	solar	cell.	 	Removing	 two	of	 the	contacts	can	result	 in	higher	PCEs.	 	 In	

addition,	the	fabrication	of	a	monolithic	solar	cell	device	is	cheaper	due	to	a	reduction	

in	 the	 number	 of	 required	 layers.65	 In	 this	 thesis	 we	 focus	 on	 a	 2T	 monolithic	

perovskite-Si	tandem	solar	cell.	

	

Figure	 2.7:	 Schematic	 representing	 (a)	 4T	 (four-terminal)	 and	 (b)	 2T	 (two-

terminal/monolithic)	 tandem	 solar	 cells	 showing	 the	 material	 with	 a	 high	 energy	

bandgap	on	top	of	the	material	with	a	low	energy	bandgap55	

The	 cells	 are	 generally	 connected	 by	 a	 recombination	 layer	 (illustrated	 by	 the	

interlayer	in	figure	2.7)	or	tunnel	junction	which	is	required	to	be	of	low	resistance	

and	have	good	optical	transparency.		This	enables	the	hole	current	and	the	electron	

current	to	pass	through	the	sub	cells	and	recombine	to	maintain	neutrality.			

Indium-tin	oxide	(ITO)	has	been	shown	to	be	a	good	recombination	layer	due	to	its	

high	 transparency	 and	 good	 electrical	 properties.	 	 However,	 stacking	 solar	 cell	

devices	can	lead	to	processing	challenges	in	particular	for	2T	tandems.		Deposition	
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methods	and	conditions	may	need	to	be	altered	in	order	to	prevent	degradation	of	

the	sub	cells.64	The	deposition	of	ITO	has	been	optimised	using	a	sputtering	technique	

followed	by	a	high	temperature	anneal	(>400⁰C).63,	66	For	the	fabrication	process	of	a	

single-junction	 perovskite	 solar	 cell,	 ITO	 can	 be	 deposited	 as	 a	 TCO	 onto	 a	 glass	

substrate	using	sputtering	as	the	material	is	the	first	layer	of	the	structure.	However,	

once	the	ITO	is	being	used	as	a	recombination	layer	between	the	perovskite	and	the	

Si	solar	cells,	other	deposition	techniques	or	materials	need	to	be	used	replacing	the	

ITO	as	a	recombination	layer.			

Other	layers	in	the	structure	can	also	be	affected	by	this	transition	into	the	tandem	

solar	cell	world.	 	Mesoporous-TiO2	a	commonly	used	ETL	 in	perovskite	solar	cells	

requires	 a	 500⁰C	 temperature	 anneal.	 	 When	 incorporated	 in	 a	 monolithic	

perovskite/Si	 tandem	 device	 this	 high	 temperature	 anneal	 will	 degrade	 the	

underlying	Si	solar	cell.	 	In	this	case,	perovskite-based	tandem	solar	cells	are	often	

fabricated	using	a	p-i-n	configured	perovskite	top	cell	in	tandem	with	a	c-Si	solar	cell	

in	order	to	prevent	damage	to	the	active	layers.		As	a	result,	alternative	ETLs	such	as	

SnO2	deposited	by	low	temperature	ALD	have	been	investigated	as	a	replacement.	67,	

68	ALD	deposits	 the	metal	oxide	at	 low	temperatures	and	as	a	 low	energy	process	

enables	the	material	to	be	deposited	on	top	of	the	perovskite	material,	making	the	

possibility	of	a	p-i-n	configured	perovskite/Si	tandem	solar	cell	device	more	viable.	
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Chapter	3:	Experimental	Instrumentation	
	
3.1	Deposition	Systems	
3.1.1	Cambridge	Nanotech	Fiji	200LLC	ALD	System	
The	 Cambridge	 Nanotech	 Fiji	 200LLC	 is	 an	 ALD	 system	 that	 consists	 of	 a	 single	

deposition	 chamber	 and	 an	 external	 load-lock	 chamber.	 	 The	 load-lock	 has	 the	

capability	 of	 loading	 up	 to	 a	 200	mm	wafer	 into	 the	 deposition	 chamber	 using	 a	

mechanical	loading	arm.			

	

	
Figure	3.1:	Image	of	Cambridge	Nanotech	Fiji	200LLC	ALD	System	located	in	Tyndall	

National	Institute		

	

The	deposition	chamber	can	be	heated	to	a	maximum	of	300°C,	with	a	directly	heated	

sample	carrier	and	external	heating	jackets	to	prevent	condensation	on	the	reactor	

walls.		The	system	uses	two	turbo	pumps;	one	for	the	deposition	chamber	and	one	

for	the	load-lock	chamber.		A	gate	valve	connects	the	two	chambers	and	maintains	

the	 integrity	 of	 the	 main	 deposition	 chamber.	 	 Once	 the	 load-lock	 pressure	 has	

reached	equilibrium	with	the	main	chamber	the	gate	valve	can	open	and	facilitate	the	

loading	of	the	samples.			
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The	 precursor	 manifold	 can	 maintain	 up	 to	 six	 precursor	 vessels	 at	 one	 time.	

Attached	to	the	manifold	are	mass-flow	controllers	which	aid	in	the	regulation	of	the	

precursor	delivery	into	the	chamber.		The	precursor	vapours	are	carried	from	their	

vessels	 into	the	main	chamber	using	a	direct	draw	system	which	 is	assisted	by	an	

argon	 gas	 flow.	 	 In	 order	 to	 prevent	 in-line	 condensation	 the	manifold,	 inlet	 line,	

vapour	 trap,	 stop-valve	 and	 precursor	 vessels	 are	 all	 heated	 using	 controllable	

heating	jackets.			

Located	 above	 the	 deposition	 chamber	 is	 the	 plasma	 source	 created	 using	 an	 RF	

plasma	generator	which	can	be	controlled	using	the	central	control	box.		The	plasma	

requires	a	flow	of	argon	gas	to	form,	although	the	plasma	can	be	altered	by	adding	

additional	gas	flows	to	the	system	(e.g.	adding	O2	gas	would	form	O2	plasma).	

	

The	carrier	gas	has	two	functions;	(i)	The	inert	gas	acts	as	a	transportation	system	

for	source	chemicals	into	the	reaction	chamber,	(ii)	acts	as	a	purge	gas	in	between	

ALD	pulses	to	remove	any	unreacted	precursor	and	by-products	to	the	vapour	trap.	

By-products	and	excess	precursor	accumulated	during	deposition	 is	pumped	from	

the	chamber	and	delivered	 to	 the	vapour	 trap.	The	 trap	consists	of	a	heated	 large	

surface	area	of	mesh	material	with	a	highly	reactive	surface	where	the	by-products	

can	 be	 deposited.	Without	 the	 trap	 the	materials	would	 otherwise	 deposit	 in	 the	

pumps	which	can	reduce	their	working	efficiency.			

	

3.1.2	Picosun	R200	ALD	System	
The	Picosun	R200	is	an	ALD	system	(figure	3.1)	which	works	in	a	very	similar	way	to	

the	Cambridge	Nanotech	Fiji	200LLC.	 	The	system	consists	of	a	precursor	delivery	

system,	main	chamber	and	external	load-lock	chamber.			

The	 precursors	 are	 located	 under	 the	 main	 chamber	 and	 are	 connected	 to	 the	

chamber	by	a	chemical	delivery	system.		The	gas	lines	are	equipped	with	a	mass-flow	

controllers	 (MFC),	 pressure	 transducers	 and	 pneumatic	 pulsing	 valves.	 	 The	

pneumatic	pulsing	valves	attach	the	precursor	vessels	to	the	carrier	gas	valve	and	

controls	the	flow	of	precursors	into	the	reaction	chamber.		When	a	pulsing	valve	is	
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open	source	chemicals	can	be	transferred	into	the	carrier	gas	line	and	to	the	reaction	

chamber.		However,	when	a	pulsing	valve	is	closed	carrier	gas	will	flow	directly	to	the	

reaction	chamber	absent	of	source	chemical.		An	added	feature	to	the	Picosun	R200	

is	its	boost	function.	 	When	the	boost	function	is	activated	and	the	pulsing	valve	is	

open,	carrier	gas	is	forced	into	the	precursor	bottle	resulting	in	better	transportation	

of	the	source	chemical	to	the	reaction	chamber.	

	

	
Figure	3.2:	Image	of	the	Picosun	R200	ALD	System	located	in	Tyndall	National	

Institute	

	

The	chamber	has	a	dual	chamber	structure.	 	The	outer	chamber	acts	as	a	vacuum	

chamber	separating	the	main	chamber	from	the	outside	air.		The	inner	chamber	or	

reaction	chamber	accommodates	the	chuck	or	the	substrate	holder	and	is	where	all	

deposition	occurs.		The	reactions	are	contained	by	a	chamber	lid.		This	lid	is	situated	

on	a	pneumatic	elevator	that	can	be	opened	and	closed	to	facilitate	loading	of	wafers	

via	the	load-lock.		All	precursors	are	carried	directly	to	the	reaction	chamber	and	the	

carrier	gas	 lines	and	precursor	vapour	 lines	directly	 to	 the	substrate	and	expelled	
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through	 a	 gas	 distributor.	 	 The	 gas	 distributor	 allows	 for	 uniform	 deposition	 by	

spreading	the	precursor	evenly	across	the	entirety	of	the	substrates	surface.		

	

The	 vacuum	 system	 is	 located	 under	 the	 main	 chamber	 and	 is	 connected	 to	 the	

powder	trap	with	after	burner	using	vacuum	piping.		The	after	burner	is	situated	at	

the	 pumping	 line	 before	 the	 powder	 trap.	 	 Excess	 chemical	 and	 by-products	 are	

transported	 to	 the	 after	 burner	 and	 are	 broken	 down	 by	 a	 series	 of	 controlled	

reactions	using	air	or	H2O.		The	vapour	trap	below	then	collects	the	residual	particles	

from	the	after	burner	preventing	them	from	entering	the	pump.		

	

3.2	Instrumentation	for	Analysis	and	Characterisation	of	Thin	Films	
3.2.1	X-ray	Diffraction	(XRD)	
X-ray	 diffraction	 (XRD)	 is	 an	 analytical	 technique	 used	 to	 determine	 the	 crystal	

structure	of	materials	by	using	electromagnetic	 rays	of	wavelengths	between	1.0-

1000	nm.		A	metal	filament	is	heated	and	the	electrons	produced	are	accelerated	by	

an	electric	 field	toward	a	metal	 target	(Cu,	Mo	or	Cr).	 	The	electrons	bombard	the	

target	and	produce	electromagnetic	radiation.		

XRD	 requires	 a	 monochromatic	 x-ray	 source.	 	 A	 source	 than	 produces	 two	

wavelengths	(Ka	and	Kb)	gives	two	sets	of	reflections	and	two	sets	of	 interspersed	

reflections.	 	 This	 can	make	 indexing	difficult	 due	 to	 the	wavelengths	 overlapping.		

Copper	 and	 molybdenum	 make	 good	 x-ray	 sources	 if	 the	 weaker	 Kb	 can	 be	

eliminated.			

There	 are	 three	 types	 of	 x-ray	 sources;	 an	 x-ray	 tube,	 particle	 source	 rings	 and	

rotating	anode	tubes.		The	most	widely	used	is	an	x-ray	tube.		Once	the	x-ray	beam	

has	been	produced,	the	beam	is	directed	through	a	collimator	and	mirrors	in	order	to	

direct	the	beam	toward	the	x-ray	source.			

When	the	electromagnetic	rays	hit	an	atom,	the	electrons	surrounding	the	atom	will	

oscillate	at	the	same	frequency	as	the	electromagnetic	beam.		In	most	directions	the	

waves	 should	 undergo	 destructive	 interference,	 where	 the	 waves	 that	 should	

combine	 are	 out	 of	 phase	 and	 thus	 no	 reflected	 energy	will	 be	 emitted	 from	 the	



77 

 

sample.	 	 However,	 in	 crystalline	 materials	 the	 waves	 will	 undergo	 constructive	

interference	in	some	directions	due	to	combining	in-phase	waves.		Thus	some	x-ray	

beams	will	be	reflected	from	the	sample	at	specific	directions.	

As	XRD	 is	based	on	scattering	we	can	use	Braggs	Law	to	describe	how	reflections	

occur	when	the	x-ray	beam	comes	in	contact	with	a	material.			

	

	

Figure	3.3:	Schematic	illustrating	the	application	of	Bragg’s	Law	for	X-ray	Diffraction1 

Two	 parallel	 x-ray	 beams	 at	 wavelength,	 l	 hit	 two	 parallel	 planes	 separated	 by	

spacing,	d	at	an	angle,q and	the	rays	are	scattered	as	described	above.		The	incident	

rays	are	in	parallel	and	in	phase	until	the	beam	reaches	point,	A.	 	Here	the	second	

beam	continues	to	the	second	layer	where	the	beam	is	scattered	by	atom	B.		The	beam	

thus	 must	 travel	 an	 extra	 distance	 CB	 +	 BD	 assuming	 the	 beams	 are	 continuing	

adjacent	and	parallel.	This	extra	distance	is	equal	to	nl	where	n	is	an	integral	multiple	

of	the	wavelength.		Thus,	nl=	CB	+	BD	for	the	two	x-ray	beams	to	remain	the	same.			

In	order	to	get	 the	beam	distance	 in	terms	of	l,	 the	sine	rule	 is	used	on	the	right-

angled	triangle	ABC	to	determine:	

𝑑𝑆𝑖𝑛q	 = 	𝐶𝐵	 3.1	

2𝑑𝑆𝑖𝑛q	 = 	𝐶𝐵𝐷	 3.2	

	

Where,	CBD	=	nl	
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2𝑑𝑆𝑖𝑛q	 = 	𝑛l	 3.3	

	

Bragg’s	equation	makes	the	distance	between	a	set	of	atomic	planes	in	a	crystal	and	

the	 angle	 at	which	 the	 planes	 diffract	 x-rays	 relatable	 at	 a	 particular	wavelength.			

Thus,	when	wavelength,	l	and	angle,	q are	known,	dhkl	can	be	calculated	to	determine	

the	dimensions	of	the	unit	cell	of	a	crystal	lattice.		All	films	analysed	in	this	thesis	were	

examined using	a	Phillips	(PW3719)	X’pert	Materials	Research	X-ray	diffractometer	

with	a	Cu	Ka	radiation	(l	=	0.154056	nm).	

	

3.2.2	X-ray	Photoelectron	Spectroscopy				
X-ray	photoelectron	spectroscopy	(XPS)	is	a	method	used	to	quantify	the	elemental	

composition	of	a	materials	 surface	with	 the	ability	 to	detect	all	 elements	with	 the	

exception	of	H	and	He.			

The	analysis	takes	place	under	ultra-high	vacuum	(10-9	Torr).		The	sample	is	inserted	

into	the	pre-chamber	first	which	can	be	exposed	to	the	outside	environment.	 	The	

chamber	is	then	pumped	down	to	a	low	vacuum	before	being	transferred	to	the	main	

chamber	under	a	high	vacuum.			

As	illustrated	in	figure	3.4,	the	sample	material	is	irradiated	with	monochromatic	x-

rays	 produced	 from	 an	 x-ray	 tube.	 	 To	 produce	 x-ray	 photons,	 a	 heated	 filament	

generates	 electrons	 that	 are	 then	 accelerated	 towards	 either	 an	 Al-Ka	 or	 Mg-

Ka primary	source.		When	the	electrons	hit	the	anode,	a	hole	is	created	in	its	atoms.		

The	hole	is	then	filled	by	a	relaxation	of	electrons	from	a	higher	energy	level.		This	

relaxation	process	causes	x-ray	fluorescence.	

The	electrons	in	the	material	absorb	enough	energy	from	the	incident	rays	causing	

the	emission	of	a	photoelectrons	with	a	certain	kinetic	energy.			The	emitted	electrons	

then	travel	 through	an	electrostatic	 transfer	 lens	 to	an	electrostatic	hemispherical	

mirror	analyser	which	measures	the	kinetic	energy	of	the	photoelectrons.		The	lens	

causes	the	deceleration	of	the	photoelectrons	and	focuses	them	onto	the	entrance	slit	

of	the	analyser	(figure	3.3).			The	computer	then	produces	a	plot	of	the	binding	energy	

of	the	electrons	versus	the	relative	number	of	electrons	ejected	from	the	sample.	
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The	method	is	based	on	Einstein’s	photo-chemical	quantum	equivalence	law	which	

is	given	by:	

ℎ𝑣 = 	𝐸> +	𝐸6 + 	∅	 3.16	

	

Where,	ℎ𝑣	 is	 the	 incident	photon	energy,	𝐸>	 represents	 the	binding	energy	of	 the	

electrons	to	the	nucleus	of	the	atom,	𝐸6 	describes	the	kinetic	energy	of	the	emitted	

photoelectrons	and	∅	is	the	work	function	or	correction	factor	used	by	the	instrument	

which	 represents	 the	minimum	 amount	 of	 energy	 required	 for	 an	 electron	 to	 be	

emitted.	 	 It	explains	how	when	a	material	 is	 irradiated	with	incident	photons	they	

have	a	high	probability	of	emitting	electrons	from	its	orbital.		In	order	to	be	ejected	

from	its	orbital	the	electron	must	exceed	its	binding	energy	and	requires	a	minimum	

amount	of	energy	(∅)	to	 leave	the	target	surface.	 	The	ejected	photoelectron	has	a	

certain	kinetic	energy	which	is	measured	by	the	instrument.			

Electrons	with	different	kinetic	energies	travel	different	paths	through	the	detector	

allowing	the	computer	to	differentiate	the	different	electrons.		As	electrons	further	

from	the	nucleus	of	the	atom	have	less	energy,	they	require	less	energy	to	be	ejected	

and	so	the	binding	energy	is	lower	for	higher	orbitals.		Similarly	electrons	in	different	

subshells	such	as	s,	p	and	d	have	different	energies.	 	XPS	works	to	slow	down	the	

emission	of	the	ejected	photoelectrons	in	order	to	determine	the	composition	of	the	

sample	material.	 	X-ray	photoelectron	spectroscopy	(XPS)	was	carried	out	using	a	

Kratos	 AXIS_ULTRA	 with	 a	 monochromatized	 Al	 Kα	 x-ray	 source	 of	 radiation	 of	

1486.58	eV	as	the	excitation	source	(10	mA,	15	kV).				
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Figure	3.4:	Schematic	of	X-ray	Photoelectron	Spectrometer2	

	

3.2.3	Four	Point	Probe	
A	 four-point	probe	can	be	used	 to	measure	 the	sheet	 resistance	of	 semiconductor	

materials.		The	four-point	probe	consists	of	four	equally	spaced	tungsten	metal	probe	

tips	of	a	known	radius.		The	probe	tips	are	mounted	on	a	spring-loaded	mechanical	

stage	that	prevents	damage	of	 the	tips	during	probing.	 	A	high	 impedance	current	

source	 forces	 a	 current	 through	 the	 outer	 probes	 1	 and	 4	 and	 voltmeter	 then	

measures	 the	 voltage	 drop	 between	 the	 inner	 probes	 2	 and	 3.	 	 Using	 the	 values	

obtained	 from	 these	 measurements	 the	 sheet	 resistance	 of	 the	 samples	 can	 be	

determined.		Highly	resistive	samples	require	low	currents	forced	across	the	outer	

probes	 to	ensure	 that	voltages	are	not	 too	high	across	 the	 inner	probes.	 	 For	 low	

resistive	samples	the	current	may	need	to	be	increased	significantly.	
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Figure	3.5:	Schematic	of	four-point	probe	measurement	set	up3	

	

For	a	four-point	probe	measurement	on	an	infinite	sheet	equation	3.4	is	used:	

	

𝑅3 =	
𝑉
𝐼 	

𝜋
𝑙𝑛 𝑙𝑛	2	 

3.4	

	

When	calculating	the	sheet	resistivity	of	an	infinite	sample	with	finite	thickness,	w,	

the	resistivity	can	be	expressed	as	follows:	

	

Rs=	 8@
A

0&0&	!	
	𝐹4 	 3.5	

	

Where	Fc	is	the	correction	factor	where	w	is	the	length	of	the	short	edge	of	the	sample	

in	mm	and	s	is	the	probe	spacing.		Most	correction	factors	have	been	calculated	and	

tabulated	based	on	the	size	and	geometry	of	the	sample.		For	example,	a	rectangular	

sample	has	a	long	edge	l	=	20	mm	and	a	short	edge	w	=	10	mm	and	the	probe	spacing	

is	2	mm.			Here	 0
B
	=	2	and	B

3
	=	5.		The	tabulated	correction	factors	must	be	searched	
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for	the	correction	factor	that	meets	these	values.		The	sheet	resistance	must	then	be	

multiplied	by	this	value	in	order	to	obtain	an	accurate	sheet	resistance	for	the	sample.			

For	 thin	 films	 where	 the	 thickness	 of	 the	 sample,	 t,	 is	 much	 less	 than	 the	 probe	

spacing,	s	(t	<<<	s)	Fc	=	1.		Thus	the	sheet	resistance	equation	can	be	altered	to:	

	

𝑅3 = 4.532	
𝑉
𝐼 	

3.6	

	

For	thick	samples	where	the	thickness	of	the	samples	is	40%	more	than	the	probe	

spacing	an	additional	correction	factor	must	be	incorporated.		This	correction	factor	

depends	upon	 the	 ratio	of	 the	samples’	 thickness	 to	 the	probe	spacing	and	 thus	a	

different	set	of	values	are	used	for	these	sample	sets.		Samples	in	this	thesis	measured	

using	 a	 four	point	probe	were	 examined	using	 a	 Lucas	Labs	 S-302-4	manual	 four	

point	probe.	

	

3.2.4	Hall	Effect	Measurement	
Hall	 Effect	 measurements	 are	 used	 to	 determine	 the	 Hall	 voltage	 (VH),	 carrier	

concentration	 (n),	 carrier	mobility	 (μH),	 and	 conductivity	 type	 (N	or	P).	 	 The	Hall	

Effect	is	observed	when	the	current	along	the	sample	and	the	magnetic	field	through	

the	 same	 sample	 combine	 and	produce	 an	 electrical	 current	 perpendicular	 to	 the	

magnetic	field	and	the	current.		This	results	in	a	transverse	voltage	or	Hall	voltage.			

The	force	released	from	a	magnetic	field	is	called	the	Lorentz	force.		This	force	is	the	

basis	of	the	Hall	Effect.		By	using	the	“Right	Hand	Rule”	the	sign	on	the	charge	carriers	

can	 be	 determined.	 	 Current	 flowing	 from	 left	 to	 right	 in	 a	 conductor	 indicates	

negative	carriers	moving	from	left	to	right	or	positive	charges	moving	from	right	to	

left.	

In	order	to	measure	the	carrier	mobility	of	a	thin	film	the	Hall	voltage	(VH)	must	be	

determined	by	forcing	a	magnetic	field	and	current	perpendicular	to	the	sample.		This	

produces	a	transverse	voltage	also	known	as	the	Hall	voltage.		In	addition	to	the	Hall	

voltage,	film	thickness	and	resistivity	are	required	for	the	calculation	of	Hall	voltage.		
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The	resistivity	can	be	measured	using	a	four-point	probe	method	or	a	Van	der	Pauw	

technique	(figure	3.6).	

	

	

	

	

	

	

	

	

	

Figure	 3.6:	 Illustrates	 the	 measurement	 configurations	 of	 (a)	 Hall	 Effect	 voltage	

measurement	and	(b)	Van	der	Pauw	measurement.	

	

To	measure	the	Hall	voltage	a	current	is	forced	through	the	opposite	corners	of	the	

sample	and	the	voltage	is	measured	on	the	opposing	opposite	corners.		Van	der	Pauw	

measurements	require	the	current	to	be	forced	through	the	adjacent	corners	of	the	

sample	and	the	voltage	is	measured	on	the	opposite	adjacent	corners.		Van	der	Pauw	

measurements	do	not	require	a	magnetic	current	to	determine	the	voltage.	

Mobility,	(μH)	can	be	measured	using	the	formula:	

	

𝜇C =	
|𝑉C	𝑡|
𝐵𝐼𝜌 	

3.7	

	

Where,	VH,	t,	B,	I	and	ρ	are	Hall	voltage,	thickness	(cm),	magnetic	field,	current	and	

resistivity	respectively.		

To	ensure	that	the	values	obtained	from	the	measurements	are	reliable	the	source	

current	 polarity	 and	 magnetic	 field	 are	 reversed	 to	 undergo	 eight	 Hall	 Effect	

measurements	 and	 eight	 Van	 der	 Pauw	 measurements.	 	 Hall	 voltage	 is	 then	

 

 ⊥ (a)
. 

 

No  ⊥ (b)
. 
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calculated	when	the	current	polarity	 is	both	positive	(P)	and	negative	(N)	and	the	

magnetic	field	is	up	and	down	giving	equation	3.8	below.	

	

𝑉C =	
(𝑉D +	𝑉2 +	𝑉E +	𝑉F)

8 	 3.8	

	

Where:	VC	=	V24P	–	V24N	

	 		VD	=	V42P	–	V42N	

	 			VE	=	V13P	–	V13N	

	 		VF	=	V31P	–	V31N		

In	 order	 to	 calculate	 the	 resistivity	 (ρ)	 accurately	 numerous	 Van	 der	 Pauw	

measurements	 are	 used	where	 the	 source	 polarity	 is	 reversed	 similar	 to	 the	Hall	

voltage	measurement.			

𝑅/ =	
(𝑅!G.$I +	𝑅G!.I$ +	𝑅I$.G! + 𝑅$I.!G)

4 	 3.9	

	

𝑅J =	
(𝑅$!.IG +	𝑅!$.GI +	𝑅GI.!$ + 𝑅IG.$!)

4 	 3.10	

	

𝑒K)
AL&
L'

M +	𝑒K)
AL#
L'

M = 1	
3.11	

	

𝜌 = 	𝑅3. 𝑡	 3.12	

	

The	Hall	mobility	(μH)	can	then	be	calculated	using	the	resistivity	value	from	the	Van	

der	Pauw	measurement	and	the	Hall	Effect	voltage	using	equation	3.12	above.	 	All	

samples	in	this	thesis	were	measured	using	a	LakeShore	Model	8400	Series	Hall	effect	

measurement	system.	
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3.2.5	Transmission	Electron	Microscopy	(TEM)	
Transmission	Electron	Microscopy	(TEM)	is	a	method	that	transmits	electrons	from	

an	electron	gun	through	a	sample	to	create	an	 image.	 	Thermionic	emission	 is	 the	

most	widely	used	system	to	generate	electrons.		A	tungsten	wire	bent	into	a	hairpin	

shape	 is	 heated	 by	 an	 applied	 electrical	 current.	 	 When	 the	 tungsten	 reaches	 a	

temperature	 in	excess	of	2700	K	electrons	and	 light	are	generated	 from	 the	wire.		

From	the	electron	gun,	electrons	are	then	accelerated	toward	the	anode.		A	beam	of	

high	 energy	 electrons	 then	 pass	 through	 an	 aperture	 in	 the	 anode	 and	 into	 the	

microscope	column.			

The	beam	of	electrons	then	passes	through	a	series	of	condenser	lenses	which	control	

the	 size	 of	 the	 electron	 beam	 hitting	 the	 sample	 ensuring	 that	 the	 samples	 is	

sufficiently	illuminated.		By	limiting	the	size	of	the	beam	to	slightly	larger	than	the	

field	of	view	a	reduced	number	of	electrons	are	then	lost	from	the	system	resulting	

in	a	sharper	image.	

The	 sample	 is	mounted	below	 the	 condenser	 lenses	 in	 a	 specimen	 chamber.	 	 The	

chamber	 must	 allow	 the	 sample	 to	 be	 held	 in	 position	 above	 the	 objective	 lens	

securely	 and	have	 the	 ability	 to	mount	 the	 sample	 at	 a	 45°	 angle	 in	 order	 for	 the	

electrons	to	strike	the	sample	efficiently.		The	sample	must	also	have	the	capability	

of	moving	or	rotating	in	the	horizontal	plane	in	order	to	allow	the	operator	to	view	

the	sample	from	various	viewpoints.			

The	objective	lens	is	used	to	focus	the	image	being	obtained	from	the	sample.		The	

lens	consists	of	several	apertures	through	which	the	beam	can	be	focused.		Without	

these	 apertures	 images	 of	 the	 sample	would	 be	without	 contrast	 and	 thus	 detail	

would	be	lost.		Here	an	intermediate	image	is	obtained.		This	image	is	then	magnified	

by	the	projector	lenses.		Once	final	magnification	is	complete	the	image	is	displayed	

on	a	fluorescent	screen	for	analysis.	
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Figure	 3.5:	 Schematic	 of	 the	 components	 that	 make	 up	 a	 Transmission	 Electron	

Microscope	(TEM)4	

	

3.2.6	Scanning	Electron	Microscopy	(SEM)	
Scanning	electron	microscopes	(SEM)	have	similar	components	to	that	of	the	TEM.		

Both	instruments	perform	analysis	under	vacuum,	require	an	electron	source	such	

as	an	electron	gun	and	use	condenser	lenses	to	control	the	size	of	the	electron	beam	

being	accelerated	toward	the	specimen.	 	However,	where	TEM	transmits	electrons	

through	the	sample,	SEM	scans	the	surface	of	the	sample	and	develops	an	image	of	

that	surface.	
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An	 electron	 gun	 produces	 a	 source	 of	 electrons	which	 are	 accelerated	 toward	 an	

anode.		The	beam	then	passes	through	two	or	three	condenser	lenses	which	controls	

the	size	of	the	beam	hitting	the	sample.		The	beam	then	passes	through	a	coiled	Cu	

wire	 or	 electromagnetic	 lens.	 	 A	 current	 passing	 through	 the	 Cu	 wire	 creates	 an	

electromagnetic	field	which	causes	convergence	of	the	electron	beam.			

The	now	fine	beam	of	electrons	scans	the	surface	of	the	sample	in	a	raster	sequence	

from	left	to	right	controlled	by	the	deflector	coils.		The	secondary	electron	detector	

counts	the	number	of	electrons	given	off	the	sample	at	each	point.		As	the	electron	

beam	passes	over	features	on	the	samples	surface	a	cathode	ray	tube	scans	across	its	

screen	to	form	an	image.		The	brightness	of	spots	on	the	image	is	determined	by	the	

number	of	secondary	electrons	being	detected	at	each	point	by	the	electron	detector.		

The	more	electrons	being	detected	the	brighter	the	spot	on	the	screen,	thus	applying	

contrast	to	any	image	obtained.			
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Figure	 3.6:	 Schematic	 outlining	 the	 components	 of	 a	 Scanning	 Electron	Microscope	

(SEM)4	

	

3.2.7	UV/Visible/NIR	Spectroscopy	
The	UV-visible-NIR	region	is	characterised	by	the	wavelength	range	of	200-3000	nm.		

During	UV/visible	spectrometry,	incident	light	illuminates	the	surface	of	a	sample	at	

wavelength,	ë.	 	The	sample	will	then	absorb	a	quantity	of	energy	from	the	incident	

light	and	 the	remainder	will	be	 transmitted	 through	 the	sample.	 	The	 transmitted	

light	 will	 then	 be	 detected	 by	 the	 photodetector	 a	 spectrum	 of	 the	 absorbed	 or	

transmitted	light	is	graphed	as	a	function	of	wavelength.			

UV/visible	spectroscopy	is	based	on	Beer-Lambert	law	which	states	that:	

	

𝐼 = 	 𝐼+ 	× 	10)640 	 3.13	

	

Where	Io	=	intensity	of	light	illuminating	the	sample	
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										I	=	intensity	of	light	transmitted	through	the	sample	

										k	=	proportionality	constant	

										c	=	speed	of	light	(m/s)	

										l	=	path	length	of	the	incident	light	(cm)	

When	applying	Beer-Lambert	law	to	optical	spectroscopy,	

	
@
@(
=	Transmittance	(T)	 3.14	

	
@
@(
× 	100 =	Transmittance	rate	(%T)	 3.15	

	

Absorbance	 (A)	 can	 similarly	 be	 calculated	 by	 rearranging	 the	 aforementioned	

equations	3.14	and	3.15	to	give:	

	

𝑙𝑜𝑔 lG
9
m = 𝑙𝑜𝑔	 l@(

@
m =	A	 3.16	

	

	
Figure	3.7:	Schematic	outlining	the	principle	of	UV-visible-NIR	spectroscopy5	

	

A	UV/visible/NIR	spectrometer	is	made	up	of	several	components	including	a	light	

source,	monochromator,	sample	holder,	a	photodetector	and	a	signal	processer.		To	
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allow	 for	 analysis	 of	 the	 full	 spectral	 region	 the	 spectrometer	 requires	 two	 light	

sources.		A	deuterium	arc	lamp	supplies	light	for	the	UV	region	whereas	a	tungsten-

halogen	lamp	supplies	light	for	the	visible	and	near-IR	region.			

Light	is	emitted	from	the	source	and	travels	through	a	diffraction	grating	or	prism	

which	 disperses	 the	 light	 into	 its	 integral	 wavelengths.	 	 By	 traveling	 through	 a	

monochromator	 or	 a	 slit	 a	 specific	wavelength	 is	 directed	 toward	 the	 sample.	 	 A	

spectrometer	 can	 consist	 of	 a	 single	 beam	 monochromator	 or	 a	 double	 beam	

monochromator.		A	single	beam	monochromator	allows	for	the	reference	sample	and	

the	test	sample	to	enter	the	path	of	the	incident	light	sequentially.		However,	a	double	

beam	monochromator	splits	the	source	light	into	two	beams	where	two	beam	paths	

are	formed;	one	to	the	reference	sample	and	the	other	to	the	test	sample.		This	allows	

the	beam	to	pass	through	alternately	the	reference	sample	and	the	test	sample.			

The	latter	reduces	the	amount	of	stray	light	or	scattered	light	in	the	system	resulting	

in	a	higher	quality	spectrum.	

Once	the	sample	has	absorbed	or	transmitted	the	incident	light	the	light	beam	passes	

through	a	lens	which	focuses	the	beam	on	the	detector.		The	detector	then	measures	

the	intensity	of	the	light	transmitted	through	the	sample.		Over	a	period	of	time	the	

spectrometer	measures	the	intensity	of	the	transmitted	light	over	the	desired	range	

using	 the	 system	 outlined	 above.	 	 For	 the	 purpose	 of	 this	 work	 a	 Perkin	 Elmer	

Lambda	950	was	used	to	analyse	the	%	transmission	of	all	samples.	
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Chapter	4:	Fundamental	Study	of	Atomic	Layer	
Deposited	ZnO	and	Doped	ZnO	
 

4.0	Experimental	Details	
	

4.1	Thermal	ALD	Processes	
4.1.1 ALD of ZnO: Picosun R200 
Deposition	of	ZnO	was	carried	out	using	room	temperature	diethylzinc	(DEZ)	and	

H2O.		From	previous	studies	and	supporting	literature,	it	was	found	that	200⁰C	was	

the	optimum	temperature	for	ALD	growth.1,2	The	growth	per	cycle	(GPC)	observed	

on	the	Picosun	used	in	this	study	matched	the	literature	of	values	of	~0.2	nm/cycle	

(figure	4.1).3-5	This	temperature	was	maintained	for	all	growth	in	this	chapter.	

	

	
Figure	4.1:	TEM	image	of	40	nm	ZnO	illustrating	the	growth	rate	of	ZnO	deposited	at	

200°C	as	~0.2	nm/cycle	

	

ZnO	was	deposited	at	various	thicknesses	(300-1000	ALD	cycles)	to	determine	how	

the	 electrical	 and	 optical	 properties	 changed	 with	 thickness.	 	 All	 growths	 were	

completed	 using	 the	 Picosun	 R200	 and	 were	 deposited	 onto	 Corning©	 glass	

microscope	 slides	 and	p-type	 Si	 substrates.	 	 All	 glass	 slides	underwent	 a	 cleaning	

treatment	of	Decon	90,	 acetone	and	 IPA	prior	 to	growth.	 	P-type	Si	 samples	were	

cleaned	using	N2	gas	prior	to	oxide	deposition	as	the	samples	were	freshly	fabricated.	

The	growth	parameters	for	the	Picosun	R200	are	outlined	in	Table	4.1.	

Protective Pt and C films 

Glass 

40 nm ZnO 
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Substrates	 Cycles	 DEZ	Pulse	
Time	
(s)	

H2O	Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Dep	Temp	
(oC)	

Glass/p-Si	 300	 0.05	 0.1	 6.0	 200	

Glass/p-Si	 350	 0.05	 0.1	 6.0	 200	

Glass/p-Si	 500	 0.05	 0.1	 6.0	 200	

Glass/p-Si	 1000	 0.05	 0.1	 6.0	 200	

Glass/p-Si	 1500	 0.05	 0.1	 6.0	 200	

Table	4.1:	Growth	conditions	of	ZnO	for	Picosun	R200	

	

4.1.2 ALD of Al-doped ZnO: Picosun R200 
Deposition	of	Al-doped	ZnO	(AZO)	was	performed	using	the	Picosun	R200,	doping	

was	achieved	by	replacing	a	fraction	of	diethylzinc	pulses	with	trimethylaluminium	

(TMA)	using	an	ALD	super-cycle	methodology,	with	H2O	as	co-reagent,	as	outlined	in	

section	1.2.		Both	precursors	were	maintained	at	room	temperature.		From	previous	

work	 it	 was	 determined	 that	 19:1	 ratio	 of	 ZnO:dopant	 contained	 the	 optimum	

amount	 of	 Al2O3	 to	 obtain	 a	 good	 TCO.6	 The	 GPC	 of	 Al2O3	 was	 assumed	 to	 ~0.1	

nm/cycle.7,	8	AZO	was	deposited	on	Corning©	glass	microscope	slides	and	p-type	Si	

substrates	using	Picosun	R200.		All	glass	substrates	were	precleaned	using	the	same	

methodology	 as	 for	 the	 ZnO	 samples.	 	 In	 addition,	 to	 allow	 comparison	with	 the	

nominally	 undoped	 samples	 the	deposition	 temperature	 and	 range	of	 thicknesses	

(300-1000	ALD	cycles)	matched	those	of	the	undoped	ZnO	as	outlined	in	Table	4.2.		

Due	 to	 the	 growth	 rate	 of	 Al2O3	 being	 slower	 than	 ZnO,	 and	 the	 potential	 for	

nucleation	delays	between	laminates,	the	total	thickness	of	the	AZO	films	could	not	

be	 assumed	 to	 be	 constant	 and	 hence	 sheet	 resistance	 was	 used	 to	 compare	

resistivity	of	the	films.	
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Substrates	 Cycles	 Ratio	of	ZnO	:	
Dopant	

DEZ	
Pulse	
Time	
(s)	

H2O	
Pulse	
Time	
(s)	

TMA	
Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Glass/p-Si	 300	 19:1	 0.05	 0.1	 0.1	 6.0	

Glass/p-Si	 350	 19:1	 0.05	 0.1	 0.1	 6.0	

Glass/p-Si	 500	 19:1	 0.05	 0.1	 0.1	 6.0	

Glass/p-Si	 1000	 19:1	 0.05	 0.1	 0.1	 6.0	

Glass/p-Si	 1500	 19:1	 0.05	 0.1	 0.1	 6.0	

Table	4.2:	Growth	conditions	for	AZO	(19:1)	deposited	at	200⁰C	for	Picosun	R200	

	

4.1.3 ALD of Hf-doped ZnO: Picosun R200 
For	 deposition	 of	 Hf-doped	 ZnO	 (HZO),	 tetrakis(ethylmethylamino)hafnium	 was	

heated	to	70⁰C	and	the	boost	function	on	the	Picosun	R200	was	activated.		H2O	was	

maintained	 at	 room	 temperature.	 	 HZO	 was	 again	 deposited	 on	 Corning©	 glass	

microscope	slides	and	p-type	Si	substrates.		All	glass	substrates	underwent	the	same	

pre-clean	as	the	ZnO	samples.		The	deposition	temperature	was	maintained	at	200⁰C	

to	allow	for	comparison	with	ZnO	and	other	doped	ZnO	samples.		HZO	was	deposited	

at	a	dopant	concentration	of	19:1	at	the	same	nominal	thicknesses	(pulse	numbers)	

as	other	doped	samples.	The	growth	rate	for	HfO2	was	assumed	to	be	~0.1	nm/cycle.9,	

10	Growth	parameters	 for	 the	Hf-	doped	samples	employing	 the	Picosun	R200	are	

outlined	in	Table	4.3.		
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Substrates	 No.	of	
Cycles	

Ratio	of	
ZnO:Dopant	

DEZ	
Pulse	
Time	
(s)	

H2O	
Pulse	
Time	
(s)	

TEMAH	
Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Glass/p-Si	 300	 19:1	 0.05	 1.0	 1.6	 6.0	

Glass/p-Si	 350	 19:1	 0.05	 1.0	 1.6	 6.0	

Glass/p-Si	 500	 19:1	 0.05	 1.0	 1.6	 6.0	

Glass/p-Si	 1000	 19:1	 0.05	 1.0	 1.6	 6.0	

Glass/p-Si	 1500	 19:1	 0.05	 1.0	 1.6	 6.0	

Table	4.3:	Growth	conditions	of	HZO	(19:1)	deposited	at	200⁰C	for	Picosun	R200	

	

4.1.4 ALD of Ti-doped ZnO: Picosun R200 
For	 the	 deposition	 of	 Ti-doped	 ZnO	 (TZO),	 tetrakis(dimethylamino)titanium	 was	

heated	 to	 75⁰C	 and	 also	 required	 the	 activation	 of	 the	 boost	 function.	 	 H2O	 was	

maintained	 at	 room	 temperature.	 	 TZO	 was	 deposited	 at	 200⁰C	 on	 pre-cleaned	

Corning©	glass	microscope	slides	and	p-type	Si	substrates.		The	same	dopant	pulse	

ratio	of	19:1	was	employed	as	the	AZO	and	HZO	to	allow	for	comparison	between	

dopants.		The	growth	rate	of	TiO2	was	expected	to	be	0.05	nm	per	cycle.11,	12	Growth	

parameters	of	TZO	on	the	Picosun	R200	are	outlined	in	Table	4.4.	

Similar	to	section	4.1.2,	the	growth	rate	of	TiO2	is	slower	than	ZnO	the	total	thickness	

of	the	AZO	films	would	vary	slightly	versus	as-deposited	ZnO.	

	

Substrates	 No.	of	
Cycles	

Ratio	of	
ZnO	:	
Dopant	

DEZ	
Pulse	
Time	
(s)	

H2O	
Pulse	
Time	
(s)	

TDMAT	
Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Glass/p-Si	 300	 19:1	 0.05	 6.0	 1.6	 8.0	

Glass/p-Si	 350	 19:1	 0.05	 6.0	 1.6	 8.0	

Glass/p-Si	 500	 19:1	 0.05	 6.0	 1.6	 8.0	

Glass/p-Si	 1000	 19:1	 0.05	 6.0	 1.6	 8.0	

Glass/p-Si	 1500	 19:1	 0.05	 6.0	 1.6	 8.0	

Table	4.4:	Growth	Parameters	of	TZO	(19:1)	deposited	at	200⁰C	for	the	Picosun	R200	
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4.2	Results	 
4.2.1	Electrical	Properties	
Electrical	 conductivity	was	measured	 using	 a	 Lakeshore	Hall	 Effect	Measurement	

system	as	outlined	in	section	3.2.4.	 	Here	the	sheet	resistance	(Ω/□),	Hall	mobility	

(cm2/Vs)	 and	 carrier	 concentration	 (1/cm3)	 were	 obtained.	 	 Sheet	 resistance	 is	

measured	as	opposed	to	resistivity	due	to	the	potential	for	thickness	variation	due	to	

differing	growth	rates	of	dopants	and	 the	potential	 for	nucleation	delays	between	

laminate	layers.	The	minimum	and	maximum	excitation	current	applied	for	all	films	

was	25	µA	and	250	µA	respectively.		A	summary	of	the	electrical	properties	for	ZnO	

and	doped	ZnO	are	outlined	in	Tables	4.5	-	4.8.	

	

Film	
Thickness	
(nm)	
	

Hall	
Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

60	 15.3	 2.02	x	1019	 3380.5	

70	 15.0	 2.04	x	1019	 2912.9	

100	 25.0	 3.05	x	1019	 809.0	

180	 27.7	 2.78	x	1019	 449.9	

200	 17.3	 4.52	x	1019	 399.8	

Table	4.5:	Electrical	properties	of	ZnO	deposited	by	thermal	ALD	at	200⁰C	at	a	range	of	

thicknesses	(nominal	values)	

	

Film	
Thickness	
(nm)	
	

Hall	
Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

60	 9.86	 1.88	x	1020	 559.4	

70	 7.46	 2.15	x	1020	 554	

100	 9.15	 3.39	x	1020	 200	

200	 8.76	 4.26	x	1020	 83.5	

Table	4.6:	Electrical	properties	of	AZO	(19:1)	deposited	by	thermal	ALD	at	200⁰C	at	a	

range	of	thicknesses	(nominal	values)	
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Film	
Thickness	
(nm)	
	

Hall	
Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

60	 14.2	 1.54	x	1020	 474	

70	 16.6	 2.78	x	1020	 192.2	

100	 16.2	 2.01	x	1020	 192	

200	 20.2	 5.59	x	1020	 59.6	

Table	4.7:	Electrical	properties	of	HZO	(19:1)	deposited	by	thermal	ALD	at	200⁰C	at	a	

range	of	thicknesses	(nominal	values)	

	

Film	
Thickness	
(nm)	
	

Hall	
Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

	

Sheet	
Resistance	
(Ω/□)	

60	 5.7	 1.74	x	1020	 1042.5	

70	 10	 2.60	x	1020	 390	

100	 10.4	 4.58	x	1020	 217.5	

180	 16.1	 2.16	x	1020	 99.9	

200	 11.7	 2.99	x	1020	 89.1	

Table	4.8:	Electrical	properties	of	TZO	(19:1)	deposited	by	thermal	ALD	at	200⁰C	at	a	

range	of	thicknesses	(nominal	values)	

	

An	obvious	trend	was	observed	in	the	sheet	resistance	values	of	the	as-grown	ZnO	

and	all	the	as	grown	doped	ZnO	thin	films.	 	It	revealed	that	as	the	thickness	of	the	

films	 increased	 the	 sheet	 resistance	 decreased.	 	 Table	 4.5	 outlines	 the	 electrical	

properties	 of	 as-deposited	 ZnO	 at	 200⁰C	 at	 a	 range	 of	 thicknesses.	 	 Although	

increasing	the	thickness	from	60	nm	to	100	nm	reduced	the	sheet	resistance	to	399.8	

Ω/□	this	value	could	not	compete	with	commercially	available	ITO	thin	films	which	

can	be	obtained	with	values	of	8-100	Ω/□.9 This	suggests	that	doping	at	this	growth	

temperature	 is	 vital	 to	 make	 the	 films	 electrically	 viable,	 an	 observation	 that	 is	
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confirmed	 by	 a	 distinct	 improvement	 in	 the	 sheet	 resistance	 values	 by	 the	

introduction	of	the	dopants.			

As	 thicker	 films	 (200	nm)	gave	 the	best	 electrical	 values	discussion	 is	 focused	on	

these	samples.	AZO	and	TZO	revealed	very	similar	sheet	resistance	values	of	89.1	Ω/□	

and	83.5	Ω/□	 respectively	 (Tables	4.6	and	4.8).	 	The	main	difference	between	 the	

materials	lay	in	the	Hall	mobility	measurements	where	the	values	obtained	for	TZO	

were	 significantly	 improved	 as	 compared	 to	 AZO	 with	 a	 value	 of	 11.7	 cm2/Vs	

compared	 to	 8.76	 cm2/Vs	 for	 AZO.	 	 HZO	 was	 revealed	 to	 have	 the	 best	 sheet	

resistance	value	of	59.6	Ω/□	and	a	Hall	mobility	value	 far	superior	 to	TZO	of	20.2	

cm2/Vs.			

Interestingly	as	grown	ZnO	reveals	there	appears	to	be	no	direct	correlation	between	

the	Hall	mobility	value	and	low	sheet	resistance	value.		Table	4.5	show	that	the	sheet	

resistance	values	for	ZnO	are	far	higher	than	any	of	the	doped	thin	films	and	yet	the	

Hall	mobility	values	are	on	average	higher	than	those	obtained	from	HZO.	

In	order	to	compete	with	commercially	available	ITO	the	sheet	resistance	values	must	

be	as	low	as	possible	with	a	sufficient	level	of	electron	mobility.		In	addition	to	this	

the	optical	properties	of	the	thin	films	must	be	comparable,	or	better,	for	the	material	

to	be	a	viable	alternative	to	ITO.	

	

4.2.2	Optical	Properties	
Figure	4.3	(a)-(d)	shows	the	transmittance	measurements	of	ZnO	and	doped	ZnO	thin	

films	at	60-100	nm.		The	absorption	edge	for	the	samples	was	in	between	275-370	

nm	due	to	the	glass	substrate.		All	samples	had	an	optical	transparency	in	excess	of	

70%	 in	 the	 visible	 range.	 	 It	 was	 clear	 that	 there	 were	 some	 changes	 in	 the	

transparency	as	 the	material	 increased	 in	 thickness	however	at	200	nm	each	 film	

obtained	a	%	transmittance	in	excess	of	80%	in	the	near	IR	and	in	excess	of	70%	in	

the	 UV/visible	 range.	 	 As	 the	 transparency	 was	 not	 degraded	 significantly	 by	

increasing	the	thickness	of	the	films,	it	opened	an	avenue	in	which	it	was	possible	to	
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increase	the	thickness	of	the	films	further	without	compromising	the	device	viability	

due	to	limitations	in	the	optical	properties	of	the	TCO.		

	

	

Figure	4.2:	UV/Visible	spectrum	of	200	nm	ZnO	and	doped	ZnO	deposited	by	thermal	

ALD	with	H2O	at	200⁰C	on	glass	showing	the	band	gap	shift	due	to	the	introduction	of	a	

dopant	material	

Figure	4.2	shows	the	UV/visible	spectrum	of	ZnO	and	doped	ZnO	at	200	nm	compared	

to	a	reference	glass	samples.	 	 It	 is	evident	that	the	incorporation	of	all	the	studied	

dopant	material	produces	a	blue	shift	in	the	wavelength	of	the	absorption	edge,	with	

Al	and	Ti	dopants	having	the	greatest	effect	on	the	shift.			Tseng	et	al1,	explains	that	

the	optical	band	gap	of	a	semiconducting	material	with	a	direct	band	gap	increases	

with	increasing	electron	concentration	as	the	conduction	band	is	highly	populated	

with	excited	electrons	from	shallow	donor	states.			This	implies	that	a	blue-shift	based	

on	the	Burstein-Moss	theory	can	indicate	an	increase	in	the	carrier	concentration.1,	5	

0
10
20
30
40
50
60
70
80
90

100

245 295 345 395

%
T

Wavelength (nm)

Blank
Reference
ZnO

ZnOAl

ZnOHf

ZnOTi



100 

 

	
Figure	 4.3	 (a):	 shows	 the	%	 transmittance	 of	 ZnO	 thin	 films	 deposited	 at	 200⁰C	 by	

thermal	ALD	at	a	range	of	thicknesses	(60-200	nm)	

	

	
Figure	4.3	(b):	shows	the	%	transmittance	of	AZO	(19:1)	thin	films	deposited	at	200⁰C	

by	thermal	ALD	at	a	range	of	thicknesses	(60-200	nm)	
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Figure	4.3	(c):	shows	the	%	transmittance	of	HZO	(19:1)	thin	films	deposited	at	200⁰C	

by	thermal	ALD	at	a	range	of	thicknesses	(60-200	nm)	

	

	
Figure	4.3	(d):	shows	the	%	transmittance	of	TZO	(19:1)	thin	films	deposited	at	200⁰C	

by	thermal	ALD	at	a	range	of	thicknesses	(60-200	nm)	
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4.2.3	X-ray	Diffraction	
X-ray	diffraction	patterns	of	ZnO	and	doped	ZnO	are	represented	by	figure	4.4(a-d).		

All	films	showed	signs	of	crystallinity	with	the	intensity	of	the	peaks	increasing	with	

increasing	thickness.		The	peak	representing	the	[110]	orientation	was	present	in	all	

films.		ZnO	(figure	4.4a)	and	HZO	(figure	4.4c)	revealed	peaks	of	similar	crystalline	

orientation	 at	 31.8⁰,	 34.4⁰,	 56.7⁰	 which	 were	 assigned	 to	 [100],	 [002]	 and	 [110]	

respectively.2,	13-17	The	preferred	orientation	for	both	films	was	in	the	[100]	direction.		

AZO	(figure	4.4b)	was	revealed	to	have	a	more	ordered	film	with	a	distinct	crystalline	

peak	assigned	to	(100).	 	TZO	(figure	4.4d)	had	the	most	disordered	thin	 film	with	

peaks	evident	as	positions	31.8⁰,	34.4⁰,	36⁰	and	56.4⁰	representing	the	[100],	[002],	

[101]	and	[110]	crystal	orientations.1,	17,	18	 	TZO	had	a	preferred	orientation	in	the	

(100)	 direction	 and	 this	 peak	 increased	 in	 intensity	 as	 the	 thickness	 of	 the	 film	

increased.	

	
Figure	4.4:	(a)	XRD	patterns	of	as-deposited	ZnO	at	200⁰C	at	a	range	of	thicknesses	(60-

200	nm)	

	

	

	

(a) 
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Figure	 4.4:	 (b)	 XRD	 patterns	 of	 AZO	 (19:1)	 films	 deposited	 at	 200⁰C	 at	 a	 range	 of	

thicknesses	(60-200	nm)	

	

	

	

	

 

 

(b) 
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Figure	 4.4:	 (c)	 XRD	 patterns	 of	 HZO	 (19:1)	 films	 deposited	 at	 200⁰C	 at	 a	 range	 of	

thicknesses	(60-200	nm)	

	

	
Figure	 4.4:	 (d)	 XRD	 patterns	 of	 TZO	 (19:1)	 films	 deposited	 at	 200⁰C	 at	 a	 range	 of	

thicknesses	(60-200	nm)	

	

(c) 

(d) 
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4.2.4	X-ray	Photoelectron	Spectroscopy	
Quantification	values	of	ZnO	and	doped	ZnO	obtained	from	high	resolution	XPS	are	

outlined	in	Table	4.9	below.	

Sample	 Name	 Atomic	
%	

ZnO	 Zn	2p	 42.2	
	 O	1s	 50.1	
	 C	1s	 7.7	
	 	 	

HZO	 Zn	2p	 39.1	
	 O	1s	 51.2	
	 C	1s	 8.5	
	 Hf	4f	 1.2	
	 	 	

AZO	 Zn	2p	 36.9	
	 O	1s	 51.1	
	 C	1s	 7.9	
	 Al	2p	 4.1	
	 	 	

TZO	 Zn	2p	 38.5	
	 O	1s	 50.3	
	 C	1s	 9.6	
	 Ti	2p	 1.6	

Table	4.9:	Quantification	from	high	resolution	XPS	of	atomic	%	of	Hf,	Al	and	Ti	in	ZnO	films	

It	 is	clear	 from	the	data	 that	 the	dopant	elements	were	 incorporated	 into	 the	zinc	

oxide	films.		Aluminium	doping	was	more	effective	as	there	was	a	greater	atomic	%	

of	aluminium	present	(4.1	at.	%)	than	in	the	case	of	hafnium	(1.2	at.	%)	or	titanium	

(1.6	at.	%).	It	is	also	observed	that	due	to	the	laminate	deposition	method	that	makes	

up	 atomic	 layer	 deposition	 the	 depth	 profile	 of	 the	 XPS	 system	 may	 penetrate	

different	 levels	 in	each	film	and	as	a	result	the	atomic	%	values	obtained	could	be	

inconsistent.	 	 Residual	 carbon,	 arising	 from	 precursor	 ligands,	 was	 present	 in	 all	

films.	 	 This	 was	 expected,	 due	 to	 the	 low	 temperature	 ALD	 process	 conditions	

employed.			See	figures	1-4	in	appendix	II	for	high	resolution	spectra.	
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4.3	Discussion	
This	study	of	ZnO	and	doped	ZnO	revealed	the	potential	for	replacement	of	ITO	and	

FTO	 currently	 being	 used	 in	 perovskite	 solar	 cells	 as	 the	 transparent	 contact.		

Although	these	materials	are	functional	for	single-junction	devices,	due	to	the	high	

temperatures	 and	 high	 energy	 techniques	 used	 to	 deposit	 such	 materials	 an	

alternative	material	and	deposition	method	is	vital	when	fabricating	a	tandem	solar	

device.	 	Due	 to	 the	 thermal	 restrictions	necessary	 to	maintain	 the	 integrity	of	 the	

perovskite	cell	in	a	tandem	device,	as	grown	ZnO	and	doped	ZnO	without	post-growth	

annealing	are	studied.			

It	has	been	reported	that	the	sheet	resistance	values	and	Hall	mobility	values	depend	

on	the	film	morphology	and	crystallinity.19,	20	Interpretation	of	data	revealed	that	as	

the	thickness	of	all	thin	films	increased	the	sheet	resistance	reduced	significantly	and	

the	Hall	mobility	values	revealed	a	similar	trend.		

It	can	be	seen	in	the	XRD	patterns	measured	in	this	work	that	the	films	become	more	

orientated	as	the	thickness	increases	and	the	peak	intensities	also	increase.		Figure	

4.4	of	the	XRD	patterns	of	ZnO	and	doped	ZnO	showed	a	preferred	orientation	in	the	

[100]	 direction	 however	 in	 as-deposited	 ZnO,	 HZO	 and	 TZO	 a	 low	 intensity	 peak	

attributed	to	the	[002]	direction	were	also	evident.		ZnO	samples	that	exhibit	a	strong	

(100)	peak	are	generally	those	deposited	on	glass	substrates.2	It	has	been	reported	

that	the	sheet	resistivity	of	ZnO	films	is	inversely	proportional	to	the	intensity	of	the	

(002)	peak	 in	XRD	patterns.19,	 21	 This	 trend	was	 also	 observed	 in	 figure	4.4.	 	 The	

intensity	 of	 the	 (002)	 peak	 became	 greater	 as	 the	 thickness	 of	 the	 film	 increased	

resulting	in	a	reduction	in	the	sheet	resistance.	 	Figure	4.4	(b)	shows	that	the	AZO	

thin	film	does	not	exhibit	the	(002)	peak	and	shows	a	preferred	orientation	in	the	

[100]	direction.	It	has	also	been	reported	that	the	(002)	peak	present	in	as-deposited	

ZnO	disappears	once	Al3+	ions	have	been	incorporated	into	the	film.2,	21,	22	Banerjee	et	

al.3	 proposed	 that	 the	 (100)	 plane	 is	 a	 neutrally	 charged	 surface	 caused	 by	 the	

presence	of	Zn2+	and	O2-	ions	existing	in	alternate	rows	on	the	surface.		Once	the	Al2O3	

is	incorporated	into	the	layer-by-layer	structure	the	Al3+	ions	upset	the	neutrality	of	

the	plane	causing	the	preferential	growth	of	the	plane.		This	implies	that	the	substrate	
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on	which	the	material	is	deposited	has	an	effect	on	the	crystal	structure	of	the	thin	

film	obtained.	

In	 addition,	 it	 was	 clear	 that	 doping	 ZnO	 greatly	 improved	 the	 electrical	

characteristics	of	the	ZnO.		Figure	4.4	reveals	that	the	most	polycrystalline	doped	film	

resulted	in	the	 lowest	sheet	resistance	value.	 	Literature	has	reported	that	a	more	

orientated	film	can	result	in	greatly	improved	electrical	characteristics.24	Here,	TZO	

appears	to	be	more	polycrystalline	than	AZO	or	HZO	with	the	addition	of	a	peak	at	

36⁰	representing	the	[101]	orientation.		The	crystallinity	of	the	films	varies	depending	

on	the	dopant	material	introduced.		This	variation	could	be	a	consequence	of	how	the	

material	nucleates	directly	onto	the	substrate	or	how	it	nucleates	on	or	around	the	

dopant	 material.	 	 It	 was	 previously	 mentioned	 that	 the	 preferred	 orientation	 is	

influenced	by	the	nature	of	the	glass	substrate	onto	which	the	films	were	deposited.		

It	is	also	possible	that	the	nucleation	of	the	layers	of	ZnO	material	are	being	inhibited	

by	the	dopant	and	thus	causing	a	difference	in	crystallinity	depending	on	the	dopant	

being	introduced.20,	25		

Although	improved	crystallinity	generally	increases	the	electrical	performance	of	the	

films,	the	presence	of	more	crystallites	in	the	thin	films	can	result	in	the	formation	of	

large	grains	on	the	surface.		ZnO	has	been	reported	to	form	large	columnar	features	

which	 can	 result	 in	 grain	 boundaries	 forming	 on	 the	 surface	 and	 cause	 ion	

scattering.26,	27	As	the	conductivity	of	the	ZnO	is	mainly	affected	by	the	generation	of	

electrons	 from	oxygen	vacancies	and	Zn	 interstitial	atoms,	 large	amount	of	charge	

can	be	lost	in	the	grain	boundaries.		This	phenomenon	is	known	as	charge	trapping.26,	

27	

The	sheet	resistance	values	of	ZnO	reduced	significantly	once	 the	dopant	material	

was	 introduced.	 	 ZnO	 reduced	 from	 399.8	 Ω/□	 to	 83.5	 Ω/□	 once	 Al3+	 ions	 were	

introduced	into	the	film.		The	same	was	observed	for	TZO	and	HZO	where	the	sheet	

resistance	values	reduced	to	89.1	Ω/□	and	59.6	Ω/□	respectively	once	Ti4+	and	Hf4+	

ions	were	introduced.	
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As	 the	 sheet	 resistance	 reduces	 with	 increasing	 thickness	 it	 is	 possible	 that	 the	

scattering	in	the	films	is	being	reduced	as	the	film	gets	thicker	due	to	improving	the	

crystallinity	in	the	film.	The	Hall	mobility	values	are	also	known	to	be	limited	by	these	

grain	boundaries	and	ionized	scattering.28,	29	Minami	et	al28,	mentions	that	a	trend	is	

usually	seen	between	the	Hall	mobility	values	and	the	carrier	concentration	values	

where	low	carrier	concentrations	usually	result	in	high	Hall	mobility	values.		From	

Tables	4.5-4.8,	there	seems	to	be	a	deviation	in	the	data	presented	from	this	reported	

trend.		Table	4.5	shows	the	electrical	results	of	ZnO	where	the	Hall	mobility	values	

reduces	with	increasing	carrier	concentration.		However,	once	a	dopant	material	is	

introduced,	their	ions	influence	the	way	in	which	the	electrons	migrate	through	the	

films.		For	both	TZO	and	AZO	(Tables	4.6	and	4.7)	this	trend	is	only	observed	for	200	

nm	 thick	 films.	 	 HZO	 (Table	 4.8)	 shows	 that	 the	Hall	mobility	 values	 are	 directly	

proportional	to	the	carrier	concentration.		It	is	possible	that	for	ZnO	and	HZO	fewer	

grain	 boundaries	 are	 present	 in	 the	 film	 allowing	 for	 free	movement	 of	 electrons	

through	the	film.		Thus	the	dopant	ions	are	having	less	of	an	influence	on	the	resulting	

microstructure	 of	 the	 films.	 For	 AZO	 and	 TZO	 films	 charge	 trapping	 in	 the	 grain	

boundaries,	due	 to	 large	 crystallites	 formed	 in	 the	 film,	 could	have	 influenced	 the	

electrical	data.		Thus,	it	seems	that	there	is	a	correlation	between	the	crystallinity	of	

the	 films	 and	 the	 electrical	 properties	with	 a	 film	with	 a	 smooth	 surface	 and	 few	

surface	 features	 reducing	 scattering	 and	 leading	 to	 a	 higher	 Hall	 mobility	 and	 a	

reduced	sheet	resistance	value.5	

The	 XPS	 data	 outlined	 in	 section	 4.2.4	 shows	 that	 the	 dopant	 elements	 were	

incorporated	into	the	materials.	 	However,	due	to	the	 laminate	deposition	method	

employed	by	atomic	layer	deposition	it	is	possible	that	the	atomic	percent	obtained	

from	the	data	is	unreliable.21	As	a	result,	the	ALD	cycle	ratios	are	used	to	calculate	

nominal	values	for	the	atomic	%	in	chapters	5-8.	
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4.4	Conclusion	
ZnO	was	deposited	by	thermal	ALD	at	200⁰C	using	H2O	as	the	co-reactant	at	a	range	

of	thicknesses	from	60	nm	–	200	nm.		ZnO	was	subsequently	doped	with	Al,	Hf	and	Ti	

under	the	same	conditions	for	the	same	range	of	thicknesses	using	a	nominal	dopant	

concentration	 of	 19:1	 (ZnO:dopant).	 	 The	 films	 produced	 all	 gave	 an	 optical	

transparency	 in	 excess	 of	 70%	 with	 the	 absorption	 band	 edge	 shifting	 once	 the	

dopants	were	introduced.		ZnO	and	doped	ZnO	were	polycrystalline	and	at	200	nm	

the	 films	had	a	preferred	orientation	 in	 the	 (002)	direction.	 	Doping	 the	ZnO	was	

observed	 to	 improve	 all	 electrical	 properties	 significantly	 with	 the	 best	 values	

achieved	 at	 the	 thickest	 film	 thickness	 200	 nm.	 	 HZO	 produced	 the	 best	 sheet	

resistance	and	Hall	mobility	values	of	59.6	Ω/□	and	20.2	cm2/Vs	respectively.		AZO	

and	TZO	produced	similar	sheet	resistance	values	to	each	other	of	83.5	Ω/□	and	89.1	

Ω/□	respectively,	while	their	Hall	mobility	values	were	both	significantly	lower	than	

those	obtained	for	HZO.			

	

Although,	HZO	seems	to	be	the	best	material	electrically	when	compared	to	AZO,	TZO	

and	as-deposited	ZnO,	in	order	to	become	a	potential	candidate	to	replace	ITO/FTO	

in	perovskite	solar	cells	and	later	in	tandem	solar	cells,	the	sheet	resistance	values	

need	to	be	much	lower.		As	the	sheet	resistivity	decreases	with	increasing	thickness	

and	optical	properties	are	not	significantly	degrade	with	thickness	a	further	study	of	

doped	ZnO	was	carried	out	under	the	same	growth	conditions	at	300	nm	(chapter	5).	
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Chapter	5:	Optimisation	of	Transparent	Conducting	
Oxide	Layer	for	Incorporation	into	Perovskite	Solar	
Cells	
 
5.1	Experimental	Details	
5.1.1	ALD	of	ZnO	and	Doped	ZnO:	Picosun	R200	
Nominally	undoped	ZnO	and	19:1	Al,	Hf,	Ti	doped	films	were	deposited	by	ALD	using	

the	Picosun	R200	via	the	methodology	detailed	in	Chapter	4.		Growth	was	performed	

onto	 Corning	 glass	microscope	 slides,	 quartz	 and	 Si(001)	 at	 200⁰C	 for	 1500	 ALD	

cycles	 (nominally	 300	 nm).	 	 All	 glass	 slides	 and	 quartz	 substrates	 underwent	 a	

cleaning	treatment	of	Decon	90,	acetone	and	IPA	prior	to	growth.		P-type	Si	samples	

were	 cleaned	 using	N2	 gas	 prior	 to	 oxide	 deposition	 as	 the	 samples	were	 freshly	

fabricated.	As	the	growth	rates	of	Al2O3,	TiO2	and	HfO2	differ	and	are	lower	than	that	

of	ZnO	the	total	thickness	of	the	films	after	incorporation	of	the	dopants	would	be	

variable	as	would	the	absoluted	concentrations.		However,	as	with	laminating	doping	

it	is	often	the	vertical	spacing	of	doping	atoms	that	are	significant	the	pulse	ratio	was	

maintained	at	19:1	with	no	compensation	for	doping	growth	rates.	The	deposition	

parameters	for	each	of	the	grown	thin	films	are	outlined	in	Table	5.1	below.	

	

DEZ	
Pulse	
Time	
(s)	

H2O	
Pulse	
Time	
(s)	

TMA	
Pulse	
Time	
(s)	

TDMAT	
Pulse	
Time	
(s)	

TEMAH	
Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Deposition	
Temp	
(oC)	

0.05	 0.1	 0.1	 1.6	 1.6	 6.0	 200	
Table	5.1:	Growth	parameters	of	ZnO	and	doped	ZnO	thin	films	deposited	at	200⁰C	using	

a	Picosun	R200	

	

5.2	Results		
5.2.1	Surface	Morphology	
SEM	images	of	ZnO	and	doped	ZnO	grown	on	both	glass	substrates	and	Si(001)	are	

presented	 in	 figure	 5.1.	 	 All	 films	 exhibited	 grains	 typical	 of	 polycrystalline	 films.		
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Figure	5.1	(a)	Sample	S,	as-grown	ZnO,	revealed	large	grain	sizes	of	80	nm	in	length	

scattered	across	the	surface.	The	cross-sectional	SEM	image	of	the	film	displayed	a	

highly	 ordered	 film	with	 columnar	 features	 in	 the	 bulk.	 	Doping	 ZnO	 changes	 the	

microstructure	of	 the	 films	and	causes	 the	grains	 to	 increase	 in	size.	 	 SEM	of	TZO	

exhibited	similar	features	to	those	seen	in	AZO	and	HZO	with	large	collumnar	grains	

evident	 on	 the	 surface.	 	 However,	 spherical	 features	 are	 also	 visible	 amongst	 the	

cylindrical	features	which	are	not	seen	on	the	surface	of	the	other	thin	films.		These	

features	 are	 similar	 to	 those	 seen	 in	 ZnO	 nanoparticles	 deposited	 by	 sol-gel	 or	

electrodeposition.1,	2	
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Figure	5.1:	Shows	images	of	(a)	Surface	SEM	of	ZnO	and	doped	ZnO	(Hf,	Al	and	Ti)	films	

on	glass	and	 (b)	 cross-sectional	 SEM	of	ZnO	and	doped	ZnO	 (Hf,	Al	and	Ti)	 films	on	

Si(001)	
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The	 cross-sectional	 SEM	 represented	by	 figure	5.1	 (b)	 displays	 signs	 of	 a	 densely	

packed	film	with	little	sign	of	individual	features.		Based	on	a	growth	per	cycle	of	0.2	

nm/cycle	1500	ALD	cycles	should	deposit	300	nm	of	ZnO	and	doped	ZnO.		However,	

the	 cross-sectional	 SEM	 shows	 that	 there	 are	 discrepancies	 between	 the	 nominal	

thickness	values	and	those	observed.		It	is	evident	that	there	are	nucleation	delays	

when	 depositing	 the	 ZnO	 on	 the	 glass/Si(001)	 substrate	 and	 	 both	 delays	 and	

enhancements	 in	 growth	 on	 the	 doping	 layers.	 	 This	 variability	 in	 thickness	

underlines	the	need	to	consider	sheet	resistance	values	as	opposed	to	resistivity.	

	

5.2.2	X-ray	Diffraction			
Figure	5.2	show	XRD	patterns	of	(a)	ZnO,	(b)	AZO,	(c)	HZO	and	(d)	TZO.		It	is	evident	

that	all	films	are	polycrystalline	with	a	preferred	orientation	of	[100].		Figure	5.2	(d)	

shows	the	TZO	film	where	the	(002)	peak	is	of	greater	intensity	than	that	seen	in	the	

as-grown	ZnO	and	other	doped	ZnO	films.		In	contrast	to	XRD	patterns	of	the	same	

materials	at	200	nm	explained	in	chapter	5,	where	the	peak	at	38⁰	attributed	to	the	

[101]	orientation	was	only	evident	 in	 the	TZO	 film	at	200	nm,	once	 the	 films	had	

increased	to	300	nm	the	(101)	peak	is	now	evident	at	the	same	position	in	each	of	the	

film	doped	or	not.		Similar	to	the	patterns	outlined	in	figure	5.2	AZO	remained	devoid	

of	the	(002)	peak	usually	positioned	at	34.4⁰.			
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Figure	5.2:	XRD	patterns	of	300	nm	of	(a)	ZnO,	(b)	AZO	(19:1),	(c)	HZO,	(d)	TZO	(19:1)	

deposited	by	thermal	ALD	at	200⁰C	

	

5.2.3	Optical	Properties	
It	is	established	that	TCOs	in	solar	cells	must	have	good	optical	transparency	in	order	

to	allow	light	efficiently	into	the	cell	to	be	absorbed.		Percentage	transmission	data	is	

presented	in	figure	5.3.		It	was	observed	that	all	films	were	optically	transparent	in	

the	UV/visible	(400-600	nm)	and	near	IR	ranges	with	values	in	excess	of	70%.		HZO	

and	TZO	exhibited	 the	highest	 percentage	of	 transmission.	 	 The	 large	decrease	 in	

transparency	or	absorption	edge	observed	around	380	nm	is	characteristic	of	direct	

 

 

 

  

(a) (b) 

(c) (d) 
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band	 gap	materials	 such	 as	 zinc	 oxide	 and	 can	 be	 exacerbated	 by	 the	 absorption	

spectrum	exhibited	by	the	glass	substrate.	

	

Figure	5.3:		%	transmission	from	UV/visible	spectroscopy	shows	the	optical	properties	

of	300	nm	(nominal)	ZnO,	AZO,	HZO	and	TZO	on	glass	

	

5.2.4	Electrical	Properties	
The	electrical	properties	of	the	films	were	obtained	using	a	Hall	Effect	measurement	

system	as	outlined	 in	 section	3.2.4	 and	are	 illustrated	 in	Table	5.2.	 	An	 ideal	TCO	

would	exhibit	properties	of	high	Hall	mobility	and	low	sheet	resistance.	 	As-grown	

ZnO	films	exhibited	a	high	Hall	mobility	of	23	cm3/Vs	and	a	sheet	resistance	of	230	

Ω/□.		As	explained	in	chapter	4,	obtaining	a	film	that	showed	a	sufficiently	high	Hall	

mobility	while	maintaining	a	sheet	resistance	similar	to	commercially	available	ITO	

and	FTO	was	difficult.		 	As	a	result,	a	compromise	between	Hall	mobility	and	sheet	

resistance	was	required	to	determine	the	thin	film	closest	to	ideal.			

Chapter	4	details	that	there	is	often	a	correlation	between	a	films	microstructure	and	

its	corresponding	electrical	properties.		Films	that	are	densely	packed	often	exhibit	

high	mobility	values,	however,	when	surface	features	are	present,	grain	boundaries	
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formed	can	also	reduce	the	electrical	conductivity	of	the	films	resulting	in	the	trade-

off	between	Hall	mobility	and	conductivity.			

	

Film	
Description	

Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

S1	(ZnO)	 23	 3.7	x	1019	 230	

S2	(HZO)	 15.4	 1.6	x	1020	 60	

S3	(AZO)	 9.6	 4.8	x	1020	 44.5	

S4	(TZO)	 12.7	 2.9	x	1020	 41	

Table	5.2:	Electrical	properties	of	ZnO	and	doped	ZnO	of	300	nm	thickness	

	

Increasing	the	thickness	of	the	films	by	100	nm	saw	a	further	reduction	in	the	sheet	

resistance	of	the	films.		HZO	exhibited	the	highest	mobility	of	15	cm3/Vs	second	only	

to	as-deposited	ZnO.		Interestingly,	the	sheet	resistance	of	HZO	did	not	reduce	further	

when	the	thickness	was	increased	to	300	nm	from	200	nm	where	it	exhibited	a	sheet	

resistance	of	59.6	Ω/□.		Instead,	a	sheet	resistance	of	60	Ω/□	was	obtained	at	300	nm.								

Where	at	200	nm	the	sheet	resistance	of	the	HZO	film	was	far	lower	than	that	of	AZO	

and	TZO	at	300	nm	AZO	and	TZO	exhibited	almost	equally	low	sheet	resistance	values	

of	44.5	and	41	Ω/□	respectively.		AZO	produced	a	lower	Hall	mobility	value	than	that	

of	 TZO	 of	 9.6	 cm3/Vs	 for	 AZO	 compared	 with	 12.7	 cm3/Vs	 for	 TZO.	 	 Thus	 TZO	

displayed	properties	closest	to	the	commercially	available	ITO	exhibiting	low	sheet	

resistance	and	good	Hall	mobility.	

19:1	 dopant	 ratio	 ZnO:dopant	was	 chosen	 for	 this	 study	 based	 on	 previous	work	

carried	 out	 on	 ZnO	 and	 literature,	where	 19:1	 ratio	 produced	 films	with	 the	 best	

electrical	characteristics	for	AZO.3-7		

To	confirm	that	this	dopant	concentration	is	optimum	for	other	dopant	materials,	the	

TZO	Ti	concentrations	of	0.85	atomic	%,	1.3	atomic	%	and	2.7	atomic	%,	calculated	
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based	on	 formula	outlined	 in	equation	5.1,	below	representing	29:1,	19:1	and	9:1	

respectively,	were	deposited	at	200°C.			

The	19:1	 ZnO	 to	 dopant	 ratio	 used	up	 to	 this	 point	 in	 the	 study	were	 selected	 to	

correspond	 to	 the	optimal	dopant/laminate	 spacing	observed	 in	 the	 literature	 for	

AZO.15	However,	here	it	was	observed	that	the	other	dopants	employed	(Hf	and	Ti)	

were	 electrically	more	 promising	 as	 a	 consequence	 this	 doping	 ratio	 needs	 to	 be	

confirmed	for	these	growth	systems.		With	this	in	mind	Ti	doping	ratios	in	ZnO	were	

varied.		

Note	 for	 these	 studies	 the	Cambridge	Nanotech	Fiji	200LLC	was	employed	due	 to	

maintenance	 issues	 with	 the	 Picosun	 R200.	 	 Although	 the	 growth	 recipes	 were	

similar	 and	 conditions	 aligned	 it	 should	 be	 acknowledged	 that	 absolute	 film	

properties	 will	 differ	 between	 reactors	 and	 hence	 this	 study	 is	 only	 valid	 in	

determining	the	optimal	doping	ratio	and	direct	comparisons	between	samples	from	

the	two	reactors	should	not	be	made.		

TZO	was	deposited	under	the	same	conditions	as	outlined	in	section	5.1.1.		In	order	

to	facilitate	a	good	comparison	study,	the	temperature	was	maintained	at	200⁰C	and	

the	thickness	of	all	samples	was	nominally	180	nm	where	900	ALD	cycles	were	used.		

The	Ti	concentrations,	or	more	correctly	pulse	ratios,	chosen	were	9:1,	19:1	and	29:1.		

The	growth	parameters	for	the	Cambridge	Nanotech	Fiji	200LLC	are	outlined	in	Table	

5.3.	

	

Substrate	 No.	of	
Cycle	

Dopant	ratio	 DEZ	
Pulse	
Time	
(s)	

H2O	
Pulse	
Time	
(s)	

TDMAT	
Pulse	
Time	
(s)	

Purge	
Time	
(s)	

Glass/p-Si	 900	 9:1	 0.1	 0.05	 0.4	 20.0	

Glass/p-Si	 900	 19:1	 0.1	 0.05	 0.4	 20.0	

Glass/p-Si	 900	 29:1	 0.1	 0.05	 0.4	 20.0	

Table	5.3:	Growth	parameters	for	TZO	at	200⁰C	for	Cambridge	Nanotech	Fiji	
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A	variety	of	different	equations	have	been	used	for	calculating	the	atomic	%	however	

eqn.	5.1	was	used	for	this	comparison	study.8,	9		As	mentioned	in	section	4.3,	due	to	

the	 laminate	 deposition	 methods	 used	 to	 deposit	 the	 thin	 films,	 all	 dopant	

concentration	values	reported	in	this	study	are	based	on	nominal	values	calculated	

using	the	ALD	cycle	ratios.	 	For	the	purpose	of	this	study	180	nm	of	each	film	was	

deposited	and	the	electrical	properties	were	measured	in	the	same	way	as	for	Table	

5.3.		See	section	5.2.4	for	more	experimental	details.	

	

	 [𝑇𝑖NOD]
[(𝑇𝑖NOD)𝑁𝑜. 𝑜𝑓	𝑎𝑡𝑜𝑚𝑠	𝑜𝑓	𝑇𝑖 +	(𝑍𝑛NOD)𝑁𝑜. 𝑜𝑓	𝑎𝑡𝑜𝑚𝑠	𝑜𝑓	𝑍𝑛]

	𝑥	100	5.14,10	

	

Table	5.4	shows	the	electrical	properties	of	ZnO	doped	with	2.7	atomic	%,	1.3	atomic	

%	and	0.85	atomic	%	Ti	concentrations	at	180	nm.		It	is	evident	from	the	table	that	

1.3	atomic	%	gave	the	lowest	sheet	resistance	value	of	99.1	Ω/□	and	the	highest	Hall	

mobility	value	of	16.4	cm3/Vs.		This	implies	that	Ti	concentration	of	1.3	atomic	%	is	

the	optimum	at	which	to	deposit	TZO	for	use	as	a	TCO.	

	

Ti	Conc.	
(ZnO:TiO2)	

Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

9:1	(2.7%)	 6.78	 1.71	x	1020	 297.9	

19:1	(1.3%)	 16.4	 2.13	x	1020	 99.1	

29:1	

(0.85%)	

14.0	 1.59	x	1020	 155.6	

Table	5.4:	Electrical	properties	of	TZO	deposited	by	ALD	with	H2O	at	200⁰C	for	900	ALD	

cycles	(180	nm	nominal)	at	a	range	of	Ti	concentrations	
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5.3	Discussion	
The	electrical	data	presented	in	table	5.2	shows	that	TZO	is	the	best	candidate	for	a	

replacement	TCO	for	ITO/FTO	in	perovskite	solar	cells.		The	sheet	resistance	value,	

41	Ω/□	 is	within	 the	 sheet	 resistance	 range	of	 commercially	 available	 ITO	 (8-100	

Ω/□).		It	is	low	enough	to	allow	current	to	flow	freely	throughout	the	film	while	still	

maintaining	 a	 sufficiently	 high	 Hall	 mobility	 value	 of	 12.7	 cm3/Vs.	 	 It	 has	 been	

accepted	that	 there	 is	a	 link	between	the	microstructure	of	 the	material	and	good	

optical	 and	 electrical	 properties11.	 Polycrystalline	 materials	 have	 been	 known	 to	

produce	low	sheet	resistance	values.		Similarly,	as	the	density	of	the	film	increases	a	

relative	increase	in	electron	mobility	through	the	film	is	observed.		Grain	size	can	also	

influence	 the	 electrical	 properties.	 	 Large	 grains	 on	 the	 surface	 of	 the	 film	 can	

promote	the	movement	of	electrons	as	they	can	overlap	each	other.		However,	grain	

boundaries	often	form	around	these	large	features	causing	charge	trapping	and	thus	

causing	an	increase	in	the	sheet	resistance12-14	

As-deposited	ZnO	has	a	high	mobility	value	of	23	cm3/Vs,	while	 its	corresponding	

sheet	resistance	was	also	very	high	at	230	Ω/□.		This	feature	of	high	Hall	mobility	and	

high	sheet	resistance	could	be	attributed	to	the	large	grains	evident	of	the	surface	of	

the	films	observed	in	the	SEM	images	in	figure	5.1.		In	general,	it	has	been	shown	that	

as	the	grain	size	of	the	material	increases	so	too	does	the	Hall	mobility11.		SEM	images	

of	 TZO	 revealed	 that	 the	 grain	 size	was	much	 smaller	 than	 that	 of	 ZnO	 and	 also	

displayed	spherical	features	similar	to	those	of	ZnO	nanoparticles1-3.		

Optical	 spectroscopy	 revealed	 that	 the	 HZO	 was	 the	 most	 optically	 transparent	

material	 in	 the	near	 IR	and	TZO	had	the	highest	%	transmission	 in	 the	UV/visible	

region	(figure	5.3).		Although	HZO	exhibited	good	optical	properties,	in	order	for	the	

materials	to	become	a	potential	candidate	for	a	TCO	in	perovskite	solar	cells	it	would	

require	a	massive	improvement	in	the	electrical	properties.			

As	shown	in	chapter	4,	there	was	a	distinct	trend	where	increasing	the	thickness	of	

the	 film	 improved	 the	 electrical	 conductivity	 of	 the	 films.	 	 If	 HZO	was	 deposited	

thicker	 it	 is	 possible	 this	 could	 improve	 the	 electrical	 properties	 of	 the	material,	
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however	HfO2	is	normally	deposited	between	200-350⁰C	in	order	to	deposit	uniform,	

conformal	thin	films.15-18	Depositing	the	material	at	200⁰C	is	depositing	it	at	the	lower	

end	of	the	ALD	window.		As	seen	in	section	5.2.1	a	significant	nucleation	delay	was	

observed	 causing	 the	 discrepancy	 of	 thicknesses	 between	 the	 materials.	 	 It	 was	

concluded	that	the	nucleation	delay	was	caused	by	the	deposition	temperature	being	

at	the	lower	limit	for	this	precursor.		For	a	transparent	conducting	oxide	to	be	viable	

for	a	perovskite	solar	cell	and	tandem	solar	cell	the	material	needs	to	be	deposited	at	

low	 temperatures	 (>200⁰C).	 	 As	 deposition	 of	 HfO2	 at	 200⁰C	 already	 results	 in	 a	

nucleation	 delay	 depositing	 the	 same	 material	 at	 even	 lower	 tempertures	 was	

concluded	as	being	outside	the	means	of	the	Hf	precursors.	As	a	result,	the	remainder	

of	this	study	focuses	on	TZO	as	the	next	most	viable	material.		

Having	determined	 that	Ti	was	 the	best	performing	dopant	used	 in	 this	 study	 the	

optimum	 concentration	 of	 dopant	 was	 explored.	 	 As	 outlined	 in	 Table	 5.4	 Ti	

concentration	 to	produce	a	 film	with	a	19:1	ratio	does	produce	 the	best	electrical	

properties	which	are	sufficient	to	enable	the	replacement	of	ITO	in	perovskite	solar	

cells.	 	This	observation	is	supported	by	the	 literature	where	a	Ti	concentration,	 to	

produce	 low	 sheet	 resistance	 values,	 1.3	 atomic	 %	 (19:1	 ratio).3-7	 180	 nm	 TZO	

deposited	 using	 at	 0.85	 atomic	 %	 Ti	 concentration	 produced	 a	 film	 with	 a	 Hall	

mobility	value	of	14.0	cm2/Vs	similar	to	the	value	16.1	cm2/Vs	obtained	from	the	film	

with1.3	 atomic	 %	 Ti	 concentration	 of	 the	 same	 thickness.	 However,	 the	 sheet	

resistance	 value	 of	 TZO	 film	 with	 1.3	 atomic	 %	 Ti	 concentration	 was	 99.1	 Ω/□	

significantly	lower	than	that	of	0.85	atomic	%	Ti	concentration	with	a	value	of	155.6	

Ω/□.		The	lower	Ti	concentration	could	not	compete	with	the	1.3	atomic	%	Ti.	When	

the	film	thickness	is	increased	from	180	nm	to	300	nm	it	is	clear	that	the	optimum	

thin	film	was	obtained	was	ZnO	deposited	by	thermal	ALD	at	200⁰C	using	a	1.3	atomic	

%	Ti	concentration	(19:1	ratio).	
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5.4	Conclusion		
ZnO	was	deposited	by	ALD	at	200°C	and	subsequently	doped	with	Hf,	Al	and	Ti.		The	

electrical	 and	 optical	 properties	 were	 investigated	 to	 determine	 which	 dopant	

material	would	be	the	most	suitable	candidate	 for	TCO	in	perovskite	solar	cells	 to	

replace	the	expensive	ITO.	 	The	presented	results	revealed	that	TZO	was	the	most	

suitable	TCO	candidate	with	a	sheet	resistance	value	of	41	Ω/□	and	Hall	mobility	of	

12.8	cm2/Vs.		In	addition	to	promising	electrical	properties,	TZO	also	exhibited	high	

optical	transparency	of	>80%	in	the	UV/	visible	and	IR	ranges.		A	further	study	was	

carried	out	to	confirm	which	Ti	concentration	was	the	optimum,	producing	the	best	

quality	electrical	properties.		Doped	ZnO	with	a	19:1	ZnO:dopant	ratio	(1.3	atomic	%)	

was	observed	to	exhibit	the	best	electrical	properties	at	200°C	.	The	properties	of	this	

as	grown	material	were	shown	to	be	sufficient	to	be	a	viable	alternative	to	ITO	for	the	

TCO	layers	in	perovskite	solar	cells.	
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Chapter	6:	Incorporation	of	Atomic	Layer	Deposited	
Ti-doped	ZnO	into	Perovskite	Solar	Cells	
 

6.1	Experimental	Details		
	

Transparent	 contacts:	 Planar	 perovskite	 solar	 cells	 were	 fabricated	 in	 the	 p-i-n	

configuration.		Presented	in	this	chapter	are	perovskite	solar	cells	with	atomic	layer	

deposition	TZO	on	glass	substrates,	these	are	compared	with	commercially	bought	

ITO/glass	substrate	(Kinetc	12.4	Ω/□).	 	A	Cambridge	NanoTech	Fiji	F200	LLC	ALD	

reactor	was	 utilised	 for	 the	 growth	 of	 the	 TZO	 films.	 Growth	was	 achieved	 using	

diethylzinc	(DEZ)	and	H2O	in	an	argon	carrier	gas	flow	system	as	the	metal	precursor	

and	oxygen	sources	respectively.		Tetrakis(dimethylamido)	titanium	(TDMAT),	with	

a	growth	rate	of	~0.05	nm/cycle1,2	and	Titanium	tetraisopropoxide	(TTIP),	with	a	

growth	rate	of	~0.02	nm/cycle3,4,	were	used	to	dope	the	ZnO	material	in	a	19:1	ratio	

(ZnO:TiO2)	for	1500	cycles.		The	Ti	precursors	were	obtained	from	STREM	Chemicals	

Inc.	 and	 the	Zn	precursor	 from	Sigma	Aldrich	 (Merck).	 	TZO	was	deposited	on	on	

Corning©	glass	microscope	slides	 (0.9-1.10	mm	thick)	at	200⁰C	and	cut	 into	25	x	

25mm	samples.		TDMAT	was	heated	to	110⁰C	while	the	DEZ	and	H2O	were	held	at	

room	temperature.			

As	 in	 the	previous	chapters,	all	glass	substrates	were	ultra-sonicated	 in	Decon-90,	

acetone	and	IPA	thoroughly.	The	deposition	routines	for	TDMAT	and	TTIP	doping	are	

outlined	in	Tables	6.1and	6.2	below.			

	

	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 40	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 180	 sccm	 Plasma	unit	flow	ON	
3	 wait	 	 1	 s	 -	
4	 pulse	 2	 0.1	 s	 DEZ	pulse	time	
5	 wait	 	 20	 s	 Purge	time	
6	 pulse	 5	 0.05	 s	 H2O	pulse	time	
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7	 wait	 	 19	 s	 Purge	time	
8	 go	to	 4	 10	 	 Cycles	until	desired	

concentration	has	been	
reached	

9	 wait	 	 1	 s	 -	
10	 pulse	 0	 0.5	 s	 TDMAT	pulse	time	
11	 wait	 	 20	 s	 Purge	time	
12	 pulse	 5	 0.05	 s	 H2O	pulse	time	
13	 Wait	 	 20	 s	 Purge	time	
14	 pulse	 2	 0.1	 s	 DEZ	pulse	time	
15	 wait	 	 20	 s	 Purge	time	
16	 Go	to	 14	 9	 	 Cycle	until	desired	

concentration	has	been	
reached	

17	 Go	to	 4	 -	 	 Super	cycle	until	desired	
thickness	has	been	reached	

Table	6.1:	Outlines	the	experimental	parameters	used	to	deposit	TZO	(19:1	ZnO:TiO2)	

using	a	Cambridge	Nanotech	Fiji	F200LLC	system	using	TDMAT	as	Ti	precursor	

	

	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 1	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	unit	flow	ON	
3	 MFC	Valve	 3	 1	 -	 MFC	Valve	open.	O2	flowing	
4	 wait	 	 10	 s	 -	
5	 wait	 	 2	 s	 -	
6	 pulse	 2	 0.05	 s	 DEZ	pulse	time	
7	 wait	 	 20	 s	 Purge	time	
8	 pulse	 5	 0.05	 s	 H2O	pulse	time	
9	 wait	 	 18	 s	 Purge	time	
10	 go	to	 5	 10	 -	 Cycles	until	desired	

concentration	has	been	
reached	

11	 wait	 	 20	 s	 -	
12	 pulse	 3	 0.4	 s	 TTIP	pulse	time	
13	 wait	 	 10	 s	 Purge	time	
14	 plasma	 	 300	 W	 Plasma	powered	on	
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15	 wait	 	 5	 	 	
16	 flow	 3	 10	 sccm	 Oxygen	gas	flow	ON	
17	 wait	 	 4	 s	 Stablisation	time	
18	 Flow	 3	 11	 sccm	 Oxygen	gas	flow	ON	
19	 wait	 	 2	 sccm	 	
20	 flow	 3	 12	 sccm	 Oxygen	gas	flow	ON	
21	 wait	 	 2	 s	 	
22	 flow	 3	 13	 sccm	 Oxygen	gas	flow	ON	
23	 wait	 	 2	 s	 	
24	 flow	 3	 14	 sccm	 Oxygen	gas	flow	ON	
25	 wait	 	 2	 s	 	
26	 flow	 3	 15	 sccm	 Oxygen	gas	flow	ON	
27	 wait	 	 20	 s	 	
28	 flow	 3	 0	 sccm	 Oxygen	gas	stopped	flowing	
29	 wait	 	 2	 s	 	
30	 plasma	 	 0	 W	 Plasma	powered	off	
31	 wait	 	 10	 s	 	
32	 wait	 	 2	 s	 	
33	 pulse	 2	 0.05	 s	 DEZ	pulse	time	
34	 wait	 	 10	 s	 Purge	time	
35	 pulse	 5	 0.05	 s	 DEZ	pulse	time	
36	 wait	 	 10	 s	 Purge	time	
37	 go	to	 32	 9	 -	 Cycle	until	desired	

concentration	has	been	
reached	

38	 wait	 	 20	 s	 	
39	 goto	 5	 45	 -	 Super	cycle	until	desired	

thickness	has	been	reached	
Table	6.2:	Outlines	the	experimental	parameters	used	to	deposit	TZO	(19:1	ZnO:TiO2)	

using	a	Cambridge	Nanotech	Fiji	F200LLC	system	using	TTIP	as	Ti	Precursor	

	

Post-deposition,	in	order	to	form	electrode	patterns	the	TZO	substrates	were	laser	

ablated.	 	 	 The	 isolation	 of	 a	 TCO	 contact	 is	 achieved	 through	 the	 formation	 of	 a	

discontinuity	in	the	TCO	layer	more	commonly	known	as	a	P1	line.		The	P1	line	was	

etched	5	mm	from	the	edge	of	each	25	mm2	samples	using	an	UV	ArF	eximer	laser	
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(193	nm	Lasertechnik	ATLEX	300i).	 	At	EPFL,	a	similar	P1	line	pattern	was	etched	

into	the	ITO	coated	glass	substrates.	 	A	P2	line	equivalent	was	then	formed	on	the	

edge	of	the	sample	using	Kapton	tape	opposite	to	the	laser	etched	P1	line	after	the	

deposition	 of	 the	 active	medium	and	prior	 to	 the	 formation	 of	 the	 hole	 transport	

material	(see	figure	6.1	for	diagram	of	P1	and	Kapton	masking).	

	

Figure	 6.1:	 Schematic	 of	 the	 P1	 line	 and	 Kapton	 masking	 of	 TZO	 or	 ITO	 in	 the	

fabrication	of	perovskite	solar	cells	

Cell	 fabrication:	 At	 CSEM,	 a	 20	 nm	 layer	 of	 the	 hole	 selective	material	 NiO	 was	

deposited	by	RF	sputtering	(ClusterLine	200	II	from	Evatec)	on	top	of	the	ITO	or	Ti-

doped	ZnO	substrate.		The	perovskite	material	was	deposited	on	top	of	the	NiO	by	a	

two-step	process.		Lead	iodide	(PbI2)	and	cesium	bromide	(CsBr)	were	co-evaporated	

using	a	Kurt	J.	Lesker	Minispectros	evaporation	machine	at	a	base	pressure	of	1.5	x	

10-5	 Torr.	 	 A	 solution	 of	 FAI	 (formamidinium	 iodide)	 and	 FABr	 (formamidinium	

bromide)	in	ethanol	was	then	spin-coated	onto	the	PbI2/CsBr	layer	at	4000	rpm	for	

33	seconds.		The	organohalide	solution	infiltrates	the	porous	PbI2/CsBr	scaffold	and	

the	excess	solution	was	ejected	off	during	spin-coating.	 	The	CsxFA1-xPb(Br,I)3	was	

then	crystallised	by	annealing	at	150oC	in	ambient	air	for	30	mins.		C60	(19	nm)	and	

electron	selective	layer	TmPyPB	(3	nm)	were	deposited	subsequently	using	a	home-

built	evaporation	system	at	a	rate	of	0.04	nm/s	and	0.02	nm/s	respectively	without	

breaking	vacuum.		The	devices	were	completed	by	depositing	140	nm	Ag	using	the	

home-built	evaporation	system	at	a	deposition	rate	of	0.1	nm/s.5	
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Characterisation:	 	Hall	mobility	and	sheet	resistance	values	of	 ITO	and	TZO	were	

measured	using	a	LakeShore	Model	8404	AC/DC	Hall	Effect	Measurement	System.		

The	crystalline	orientation	of	the	materials	were	obtained	by	x-ray	diffraction	(XRD)	

using	 a	 Phillips	 (PW3719)	 X’pert	 x-ray	 diffractometer	 with	 Cu	 Kα	 radiation	 (λ	 =	

0.154056	nm).		The	morphologies	and	thicknesses	of	the	materials	were	examined	

using	scanning	electron	microscopy	 (SEM,	FEI	Quanta	FEG	650)	and	 transmission	

electron	 spectroscopy	 (cross-section	 preparation,	 FEI	 Helios	 Nanolab;	 TEM,	 JEOL	

2100).		Optical	analysis	(UV-Vis-NIR)	of	the	thin	films	were	carried	out	using	a	Perkin	

Elmer	Lambda	950	spectrometer.		Performance	of	the	fabricated	perovskite	cells	was	

determined	using	a	 two-lamp	class	AAA	WACOM	sun	 simulator	with	an	AM	1.5	G	

irradiance	spectrum	at	1000	W	cm-2.		The	cells	active	area	of	0.25	cm2	was	defined	

using	a	metal	mask.	The	J-V	characteristics	of	the	cells	were	obtained	under	reverse	

(Voc	to	Jsc)	and	forward	(Jsc	to	Voc)	conditions	in	order	to	extract	the	power	conversion	

efficiency	

6.2	Results	and	Discussion	
The	conductivity	of	 the	TZO	was	 found	 to	be	dependent	on	 the	dopant	precursor.	

Films	grown	with	TTIP	as	 the	dopant	precursor	were	 found	to	be	 less	conducting	

than	those	that	used	TDMAT	(see	Table	6.3).		It	is	likely	that	the	more	reactive	nature	

of	TDMAT,	as	compared	to	TTIP,	is	key	to	this	difference.		Highly	reactive	precursors	

can	 improve	 the	 coverage	 and	 uniformity	 of	 the	 films	 by	 more	 efficiently	 filling	

reactive	sites	and	removing	residual	ligands,	thus	promoting	better	conductivity.		As	

a	consequence	of	the	better	electrical	performance	it	was	decided	that	TDMAT	and	

H2O	would	be	used	as	Ti	doping	precursor	and	co-reactant	respectively	for	this	study.	
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Dopant	Precursor	 Hall	
Mobility	
(cm2/Vs)	

Carrier	
Concentration	

(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

TTIP	 0.914	 2.11	x	1019	 17905.0	

TDMAT	 16.4	 2.30	x	1020	 99.1	

Table	6.3:	Electrical	properties	of	180	nm	ALD-grown	TZO	deposited	at	200⁰C	using	a	

ZnO:TiO2	ratio	19:1	

	

At	 200⁰C	 ALD-grown	 TZO	 using	 TDMAT	 was	 found	 to	 be	 polycrystalline	 with	 a	

dominant	orientation	in	the	(100)	direction	(figure	6.2(a)).	 	Plan	view	SEM	of	TZO	

shown	 in	 figure	6.2(b)	 shows	evidence	of	 large	grains	 characteristic	of	 crystalline	

films	(explained	in	further	detail	in	section	5.2.1.).		The	TEM	image	(figure	6.2(c)	of	

TZO	deposited	by	1500	ALD	cycles	shows	the	thickness	to	be	240	nm,	less	than	the	

theoretical	 value	 of	 300	 nm.	 	 This	 is	 due	 to	 the	 nucleation	 delays	 between	 the	

laminates	 of	 dopant	 and	 matrix	 material	 which	 in	 turn	 is	 probably	 caused	 by	

physisorbed	residual	dopant	ligands	as	they	block	growth	sites.		As	a	consequence,	

full	monolayer	growth	of	the	desired	material	is	not	achieved	reducing	the	thickness	

of	 the	 grown	 film.	 	 However,	 the	 SEM	 does	 provide	 evidence	 of	 plain	 hole	 free	

coverage	and	excellent	uniformity	of	the	thin	films.		This	compares	well	with	the	ITO	

used	by	CSEM	and	EPFL	in	the	fabrication	of	the	control	PK	solar	cells.	

	



132 

 

		

Figure	6.2:	 (a)	XRD	diffraction	pattern	 illustrating	polycrystalline	 features,	 (b)	Plan-

view	SEM	of	showing	surface	morphology,	(c)	TEM	image	of	240	nm	ALD-grown	TZO	at	

200⁰C	confirming	its	growth	rate	of	0.185	nm/cycle.	

	

Optical	performance	of	TZO	and	 ITO	are	 illustrated	 in	 figure	6.3	where	an	optical	

transparency	 in	 excess	 of	 75%,	 for	 both	 films	 across	 the	 range	 250-1300	 nm,	 is	

observed.	 	 It	 should	 be	 noted	 that	 a	 target	 transparency	 of	 greater	 than	 70%	 is	

required	for	viable	transparent	electrodes.		It	is	evident	that	TZO	is	significantly	more	

transparent	than	the	reference	ITO	in	the	near	IR	region.		However,	the	TZO	absorbs	

more	strongly	in	the	UV/visible	region	than	the	ITO.		This	is	a	positive	effect	the	Ti3+	

ions	have	on	the	ZnO	as	it	allows	more	light	to	enter	the	cell	and	be	absorbed	by	the	

perovskite	material.			

ZnO 240 nm 

(a) 

 

(b) 

 

(c) 



133 

 

	

Figure	6.3:	Transmission	spectrum	of	TZO	(300	nm	nominal)	deposited	by	ALD	at	

200⁰C	(19:1)	and	ITO	deposited	on	glass	obtained	from	UV/visible	spectroscopy	

	

Electrical	properties	obtained	using	a	Hall	measurement	system	as	detailed	in	

section	3.2.4	of	TZO	and	ITO	are	outlined	in	Table	6.4.	

Sample	Description	 Hall	Mobility	
(cm2/Vs)	

Carrier	
Concentration	

(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

130	nm	ITO/glass	
substrate	

25	 1.5	x	1021	 12.4	

240	nm	TZO/glass	
substrate	

13.2	 4.14	x	1020	 41.1	

Table	 6.4:	 Table	 comparing	 the	 electrical	 properties	 of	 ITO	 and	 TZO	 through	 Hall	

mobility,	carrier	concentration	and	sheet	resistance	 	

	

240	nm	of	TZO	was	the	chosen	thickness	for	fabrication	of	the	PK	solar	cells	due	to	

its	similarities	 in	electrical	and	optical	properties	 to	 that	of	 ITO.	 	Previous	studies	

have	shown	that	atomic	layer	deposited	ZnO	optimum	growth	temperature	is	200⁰C	

0

10

20

30

40

50

60

70

80

90

100

250 450 650 850 1050 1250

%
T

Wavelength (nm)

ITO/Glass ZnOTi/Glass



134 

 

and	 results	 in	 promising	 electrical	 and	 optical	 properties	 rivalling	 ITO.	 	 Although	

TCOs	in	single	junction	perovskite	solar	cells	are	not	limited	by	temperature,	when	

transferred	into	tandem	solar	cells,	a	thermal	budget	of	<200⁰C	must	be	implemented	

in	 order	 to	 prevent	 degradation	 of	 the	 absorber	 layers.	 	 As	 a	 result,	 a	maximum	

deposition	temperature	of	200⁰C	was	chosen	for	this	study			

The	solar	cells	devices	represented	by	figures	6.4(a)	and	6.4(b),	were	composed	of	

ITO	or	TZO	on	glass	as	transparent	contacts,	sputtered	NiO	hole	transport	 layer,	a	

CsxFA1-xPb(Br,I)3	 perovskite	 layer5,	 C60	 buffer	 layer,	 1,3,5-tri(m-pyrid-3-yl-

phenyl)benzene,	(TmPyPB)6	electron	transport	layer	and	evaporated	Ag	as	the	back	

electrode.			

	

	

	

	

	

	

	

Figure	6.4:	TEM	images	showing	solar	cell	devices	(a)	Control	state-of-the-art	PK	solar	

cell	using	ITO	as	TCO	and	(b)	test	cell	using	TZO	as	TCO;	made	up	of	a	NiO	hole	

transport	layer	(2a,b),	a	CsxFA1-xPb(Br,I)3	perovskite	layer	(3a,b),	C60	buffer	layer	

(4a,b),	TmPyPB	electron	transport	layer	(5a,b)	and	evaporated	Ag	as	the	back	

electrode	and	where	(a)	ITO	(1a)	acts	as	the	transparent	electrode	and	(b)	TZO	(1b)	

acts	as	the	transparent	electrode	

Two	device	sets	of	four	samples	each	were	fabricated	and	electrically	tested	under	a	

solar	simulator.		The	best	performing	cells	are	presented	here.		Table	6.5	summarises	

the	J-V	cell	results	for	each	TCO	perovskite	solar	cell	system.		Figures	6.5	(a)	and	(b)	
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show	the	J-V	characteristics	comparing	the	best	PSC	of	the	ITO	sample	set	and	TZO	

sample	set	under	no	light-soaking	and	light	soaking	conditions	(where	the	device	is	

exposed	 to	 light	 for	 several	minutes	prior	 to	electrical	 characterization)	and	 their	

corresponding	external	quantum	efficiency	is	represented	by	figure	6.6.	

Device	2,	ALD-grown	TZO	resulted	in	a	Voc,	Jsc	and	FF	of	1027	mV,	18.03	mA/cm2	and	

39.01%	respectively	leading	to	a	PCE	of	7.22%.		EQE	displayed	in	figure	6.6	gives	a	

current	density	of	18.54	mA/cm2	without	a	light	bias	which	is	higher	than	what	was	

predicted	 in	 the	 J-V	 results.	 	When	 a	 light	 bias	 is	 applied	 to	 the	 cells	 the	 current	

density	is	decreased	to	18.36	mA/cm2	which	is	closer	to	the	predicted	value	however	

still	not	in	agreement	with	the	J-V	results.		This	effect	is	also	exhibited	in	the	device	1	

which	was	fabricated	using	ITO	as	the	transparent	contact.		

It	is	also	observed	in	figure	6.6	that	the	EQE	of	ITO	in	the	UV	is	better	than	that	of	

TZO.		This	is	expected	as	the	UV	cut	off	of	TZO	observed	in	figure	6.2	occurs	at	a	longer	

wavelength	than	ITO.	J-V	curves	reported	Voc,	Jsc	and	FF	of	1024	mV,	18.06	mA/cm2	

and	60.61%	for	PSC	with	ITO	incorporated.		The	EQE	displays	a	different	value	than	

predicted	of	18.34	mA/cm2	when	no	light	bias	was	applied	to	the	samples.		When	a	

light	 bias	was	 implemented	 a	 reduction	 in	 current	 density	 to	 18.33	mA/cm2	 was	

observed.		

	

Transparent	
Contact	
Material	

Aperture	
Area	
(cm2)	

Scan	
Direction	

Voc	
(mV)	

Jsc	
(mA/cm2)	

FF	
(%)	

Eff	
(%)	

Device	1:	ITO	 0.25	 Reverse	 1023.8	 18.06	 60.61	 11.03	

	 	 Forward	 1062.9	 18.03	 60.57	 11.61	

Device	2:	TZO	 0.25	 Reverse	 1026.8	 18.03	 39.01	 7.22	

	 	 Forward	 1021.7	 17.92	 37.22	 6.78	

Table	6.5:	Summary	of	IV	parameters	for	p-i-n	configured	PK	solar	cells	composed	of	

two	different	transparent	contacts.	Device	1:	Commercially	bought	ITO	coated	glass,	

Device	2:	ALD	TZO	(19:1)	glass	substrates	
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Figure	6.5	(a):	J-V	curve	showing	the	electrical	characteristics	of	the	best	PSC	

incorporating	either	ITO	or	TZO	without	light-soaking	in	a	p-i-n	configured	PK	solar	

cell	

	

	

	

	

	

	

	

	

Figure	6.5	(b):	J-V	curve	showing	the	electrical	characteristics	of	the	best	PSC	

incorporating	either	ITO	or	TZO	after	10	mins	of	light-soaking	in	a	p-i-n	configured	PK	

solar	cell	
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Figure	6.6:	External	quantum	efficiency	of	best	PSCs	comparing	ITO	and	TZO	as	a	

transparent	electrode	

	

6.3	Conclusion	
As	mentioned	in	section	2.7,	tandem	solar	cells	can	be	made	up	of	a	Si	bottom	cell	and	

a	perovskite	top	cell	(p-i-n	architecture).		Here	the	Si	bottom	cell	absorbs	near	IR	and	

IR	light	and	to	date	have	reached	efficiencies	in	excess	of	24%	for	a	crystalline	silicon	

heterojunction	solar	cell.7,	8	c-Si	solar	cells	are	slowly	reaching	their	theoretical	limits	

outlined	by	the	Auger	efficiency	model	so	tandem	solar	cells	where	c-Si	bottom	cell	

and	perovskite	top	cell	are	placed	in	tandem	have	drawn	attention.		In	order	to	meet	

the	thermal	budgets	required	by	tandem	solar	cells,	a	p-i-n	architecture	perovskite	

solar	cell	is	placed	on	top	of	the	c-Si	solar	cell.		Here	the	perovskite	solar	cell	tops	up	

the	efficiency	of	the	c-Si	cell.		Thus	the	perovskite	solar	cell	does	not	need	to	reach	

higher	values	than	the	state-of-the-art	perovskite	solar	cell.			

240	nm	TZO	was	deposited	at	200⁰C	by	ALD	using	a	dopant	concentration	of	19:1	

(ZnO:dopant).		The	electrical	properties	of	the	material	were	similar	to	that	of	the	ITO	

currently	used	 in	 state-of-the-art	p-i-n	perovskite	 solar	 cells	with	 sheet	 resistance	

values	of	41.1	Ω/□	and	Hall	mobility	of	13.2	cm3/Vs.		In	order	to	demonstrate	how	

well	 atomic	 layer	 deposited	 TZO	 compares	 to	 the	 state-of-the-art,	 two	 perovskite	
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solar	cell	devices	were	fabricated	in	collaboration	with	EPFL	and	CSEM.	The	test	cell	

incorporated	TZO	as	 the	TCO	and	a	control	cell	was	made	up	of	 the	commercially	

available	ITO.	

J-V	 curves	 of	 the	 test	 cell	 show	 that	 the	 cells	 were	 producing	 a	 photocurrent	

efficiently.	 	 However,	 there	 was	 a	 discrepancy	 between	 the	 predicted	 maximum	

current	 density	 given	 by	 the	 J-V	 curves	 and	 the	 EQE.	 	 This	 disagreement	 was	

attributed	to	a	reduced	shunt	resistance	and	increased	series	resistance	in	the	cells	

which	had	a	knock-on	effect	on	the	fill	factor	and	overall	cell	efficiency.	

Although	not	matching	performance	the	TZO	compared	well	to	the	state-of-the-art	

ITO	with	PCEs	of	7.2%	and	11.03%	respectively.		It	should	be	recognized	that	this	is	

the	first	attempt	at	fabrication	using	this	type	of	TCO	and	hence	it	is	expected	that	

improvements	 in	 the	 fabrication	 methodology	 will	 likely	 reduce	 surface	

recombination,	reduce	the	series	resistance	and	increase	the	shunt	resistance	of	the	

devices	and	as	a	consequence	improve	the	PCE	of	the	resulting	cells.			
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Chapter	7:	Atomic	Layer	Deposition	of	Hole	
Transport	Material,	VOx	and	Incorporation	into	
Perovskite	Solar	Cells	
	

7.0	Introduction	
Many	challenges	are	faced	when	fabricating	a	perovskite	solar	cells	and	perovskite	

tandem	solar	cells	such	as	thermal	restrictions	(as	will	be	discussed	in	chapter	8).		

Another	 major	 challenge	 discovered	 is	 in	 the	 scale	 up	 of	 the	 solar	 cell	 devices.		

Currently,	hole	transport	materials	are	deposited	using	materials	spin	coated	onto	

the	perovskite	in	an	n-i-p	configuration	(see	chapter	2).		This	method	is	reliable	only	

when	 depositing	 onto	 small	 sample	 areas.	 	 Another	 method	 deposits	 the	 hole	

transport	material	by	electron	beam	evaporation	which	is	a	high	energy	process	and	

can	cause	damage	to	the	underlying	tandem	cell.			

As	 the	 requirement	 to	 scale	 up	 tandem	 solar	 devices	 for	 commercial	 purposes	

becomes	more	pressing,	the	need	to	find	an	alternative	deposition	method	and/or	

alternative	material	is	required.	

Here	 we	 discuss	 the	 deposition	 of	 VOx	 by	 atomic	 layer	 deposition	 as	 a	 potential	

alternative	hole	transport	material.		The	layer	structure	of	V2O5	makes	it	a	potential	

candidate	for	the	insertion	of	Li+	and	Na+	ions	in	Li-ion	and	Na-ion	intercalation	in	

batteries1,	2	highlighting	the	material’s	ability	to	transport	holes.	

This	 study	 analyses	 VOx	 samples	 deposited	 under	 both	 thermal	 and	 plasma	 ALD	

conditions.		In	order	to	deposit	a	conformal	film	of	high	quality	the	material	required	

deposition	temperatures	in	excess	of	250⁰C.		Due	to	the	thermal	restrictions	placed	

on	perovskite	based	tandem	solar	cells,	lower	deposition	temperatures	are	required	

to	 maintain	 the	 devices	 integrity.	 	 O2	 plasma	 is	 used	 to	 reduce	 the	 deposition	

temperature	 to	within	 a	 suitable	 range.	 	However,	 to	protect	 the	perovskite	 layer	

from	the	plasma	a	p-i-n	solar	device	configuration	is	employed	here.	
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7.1	Experimental	Details	
7.1.1	Thermal	ALD	of	VOx	
VOx	was	deposited	using	tetrakis	(dimethylamino)	vanadium	(IV)	(TDMAV)	and	H2O	

as	 the	 metal	 precursor	 and	 oxygen	 source	 which	 were	 held	 at	 80⁰C	 and	 room	

temperature	 respectively.	 	 Growth	was	 performed	 on	 a	 Cambridge	NanoTech	 Fiji	

F200LLC	ALD	reactor	on	Corning©	glass	microscope	slides	and	p-Si	at	temperatures	

of	 200⁰C	and	250⁰C	 in	 an	 argon	 flow.	The	 growth	 rate	 at	 these	 temperatures	was	

previously	 determined	 to	 be	 0.12	 nm/cycle	 and	 0.18	 nm/cycle	 respectively.3,4	 To	

generate	films	for	analysis	the	VOx	was	deposited	for	333	cycles	at	each	temperature.		

Prior	to	deposition,	the	glass	substrates	were	ultra-sonicated	in	Decon	90,	acetone	

and	 IPA	 thoroughly.	 	Deposition	parameters	 for	 each	 temperature	 are	outlined	 in	

Table	7.1.	

	

	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	unit	flow	ON	
3	 wait	 	 5	 s	 -	
4	 pulse	 3	 0.3	 s	 TDMAV	pulse	time	
5	 wait	 	 20	 s	 Purge	time	
6	 pulse	 5	 0.05	 s	 H2O	pulse	time	
7	 wait	 	 20	 s	 Purge	time	
8	 go	to	 4	 333	 	 Cycles	until	desired	thickness	

has	been	reached	
Table	7.1:	Outlines	the	growth	parameters	for	the	deposition	of	VOx	with	H2O	at	200⁰C	

and	250⁰C	

	

7.1.2	Plasma-Enhanced	ALD	VOx	
For	the	plasma	process	the	Cambridge	NanoTech	Fiji	F200	LLC	ALD	reactor	was	also	

employed.		The	VOx	was	deposited	at	200⁰C,	the	maximum	temperature	allowed	by	

tandem	solar	cells,	using	TDMAV	and	O2	plasma	as	the	metal	precursor	and	oxygen	

source	respectively.		TDMAV,	as	with	the	thermal	process,	was	maintained	at	80⁰C	for	
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the	deposition.			Deposition	was	performed	on	Corning©	glass	microscope	slides	and	

p-Si,	a	significantly	higher	growth	rate	of	0.27	nm/cycle	is	observed	for	the	plasma	

process.3,	4	Consequently,	220	ALD	cycles	were	required	to	match	the	thickness	of	the	

thermally	deposited	VOx	and	allow	comparison.		As	with	the	thermal	ALD	process	the	

glass	substrates	were	cleaned	in	Decon	90,	acetone	and	IPA	thoroughly.		Deposition	

parameters	of	the	PE-ALD	VOx	are	outlined	in	Table	7.2.	

	

	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	Unit	flow	ON	
3	 MFC	Valve	 3	 1	 -	 Oxygen	gas	line	activated	
4	 wait	 	 5	 s	 -	
5	 pulse	 3	 0.3	 s	 TDMAV	pulse	time	
6	 wait	 	 20	 s	 Purge	time	
7	 plasma	 	 300	 W	 Plasma	power	ON	
8	 Wait	 	 5	 s	 	
9	 Flow	 3	 10	 sccm	 Oxygen	gas	flow	ON	
10	 Wait	 	 4	 s	 	
11	 flow	 3	 12	 sccm	 Oxygen	gas	flow	ON	
12	 wait	 	 1	 s	 	
13	 Flow		 3	 15	 sccm	 Oxygen	gas	flow	ON	
14	 Wait	 	 20	 s	 	
15	 flow	 3	 0	 sccm	 Oxygen	gas	flow	OFF	
16	 Wait	 	 2	 s	 	
17	 plasma	 	 0	 W	 Plasma	power	OFF	
18	 wait	 	 20	 s	 Purge	time	
19	 go	to	 4	 220	 -	 Cycles	until	desired	thickness	

has	been	reached	
Table	7.2:	Outlines	the	growth	parameters	for	the	deposition	of	VOx	using	O2	plasma	at	

200⁰C	

	



143 

 

7.2	Results	and	Discussion	
7.2.1	As	grown	VOx	
Figure	7.1	shows	the	x-ray	diffraction	of	20	nm	(nominal)	VOx	deposited	by	thermal	

ALD	 at	 200⁰C	 and	 250⁰C	 and	 O2	 plasma	 at	 200⁰C	 without	 any	 post	 deposition	

treatment.		It	is	clear	from	the	XRD	patterns	that	all	VOx	films	are	amorphous.		VOx	

deposited	using	O2	plasma	at	200⁰C	revealed	two	peaks	at	12.11⁰	and	30.54⁰	which	

did	not	match	any	vanadium-based	material	and	thus	was	attributed	to	a	substrate	

feature.	 	The	amorphous	nature	of	ALD	films	was	also	observed	by	Muschoot	et	al	

where	VOx	films	were	deposited	by	VTIP	and	either	thermal	H2O	or	plasma	H2O	at	

150⁰C.	 	The	films	did	not	become	crystalline	until	the	films	were	annealed	in	O2	at	

450⁰C5.	 	After	 the	post-growth	anneal	 the	 films	revealed	peaks	attributed	to	(001)	

V2O5	 and	 (002)	V2O5.3	 In	a	 separate	 study	however,	Muschoot	et	al	 deposited	VOx	

films	 using	 O2	 plasma	 at	 200⁰C	 and	 250⁰C	 where	 the	 films	 were	 both	 deposited	

revealing	peaks	attributed	to	(001)	V2O5	and	(002)	V2O5	without	any	post-growth	

treatment.6	This	was	not	observed	in	the	films	discussed	here,	where	even	using	O2	

plasma	as	a	co-reactant	did	not	induce	crystallization.			

	

Figure	7.1:	X-ray	Diffraction	pattern	of	20	nm	(nominal)	as-grown	VOx	deposited	by	

thermal	ALD	at	200⁰C	and	250⁰C	using	H2O	and	by	O2	plasma	at	200⁰C		
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Optical	 transmission	 properties	 of	 the	 thin	 films	 was	 gathered	 using	 UV/visible	

spectroscopy	 from	 250-1200	 nm.	 	 Figure	 7.2	 shows	 the	 %	 transmission	 of	 as-

deposited	VOx	 by	 thermal	H2O	at	200⁰C	 (blue),	 thermal	H2O	at	250⁰C	 (orange),	O2	

plasma	at	200⁰C	(green)	and	compared	to	a	blank	glass	substrate	(grey).	

	

Figure	7.2:	%	transmission	of	20	nm	(nominal)	as-grown	VOx	deposited	by	thermal	

ALD	at	200⁰C	and	250⁰C	using	H2O	and	by	O2	plasma	at	200⁰C	from	UV/visible	

spectroscopy	

	

It	is	evident	from	the	data	that	all	of	the	films	absorb	significantly,	films	deposited	by	

O2	plasma	at	200⁰C	were	the	most	transparent	in	the	near	IR	and	visible	than	films	

deposited	by	thermal	ALD.	The	plasma	sample	also	appeared	to	absorb	more	strongly	

in	the	blue	and	UV	range	than	either	of	the	thermally	deposited	samples.		From	the	

two	thermally	deposited	films,	the	%T	deteriorated	significantly	with	increasing	the	

temperature	however	the	absorption	band	edge	of	both	samples	did	not	seem	to	shift	
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significantly.	 	 	The	currently	used	inorganic	hole	transport	material,	NiO,	has	been	

reported	as	having	a	higher	%T	then	any	VOx	film	giving	values	in	excess	of	83%.7	

It	 was	 therefore	 concluded	 that	 as	 grown	 VOx	 may	 not	 have	 the	 appropriate	

properties	 for	 an	 effective	 transparent	 hole	 transport	 medium,	 both	 in	 terms	 of	

transparency	and	the	V2O5	layered	structure	required	 to	 facilitate	 the	 transport	of	

holes.	To	induce	a	change	from	VOx	to	V2O5	it	was	decided	that	an	anneal	would	be	

necessary,	a	450⁰C	process	in	air	for	1	hour,	as	outlined	by	Musschoot3,	was	chosen.	

Whilst	it	is	recognized	that	such	an	anneal	would	negate	the	primary	aim	for	a	low	

temperature	process	for	tandem	cell	integration	the	use	of	VOx	as	a	hole	transport	

medium	has	yet	to	be	demonstrated	so	was	deemed	still	to	be	of	interest.	

	

7.2.2	Annealed	VOx	
VOx	samples	were	annealed	at	450⁰C	for	1	hour	under	ambient	conditions.		XRD	data	

of	the	samples	revealed	no	change	in	crystallinity	post-anneal.			

Optical	properties	of	 the	annealed	 films,	 in	 line	with	 the	 colour	 change,	 improved	

significantly	as	illustrated	by	figure	7.3.	where	the	transmission	of	thermal	H2O	VOx	

thin	films	at	200⁰C	(blue),	thermal	H2O	at	250⁰C	(orange),	O2	plasma	at	200⁰C	(green)	

are	 compared	 to	 a	 blank	 glass	 substrate	 (grey).	 	 It	 is	 evident	 that	 annealing	 the	

samples	significantly	improves	the	%T	of	all	samples	resulting	in	values	of	80-90%	

in	the	visible	and	IR	regions.		Contrary	to	the	observation	in	the	as	deposited	films,	

figure	7.2,	the	most	transparent	film	in	the	UV,	visible	and	near	IR	range	was	that	of	

VOx	deposited	by	thermal	ALD	at	200⁰C	with	the	least	transparent	of	the	films	having	

been	deposited	by	O2	plasma	at	200⁰C.		Although	annealing	does	remove	the	strange	

visible	 absorption	 in	 the	 plasma	 film	 a	 more	 significant	 effect	 on	 the	 thermally	

deposited	films	is	observed	across	the	whole	measured	spectrum.			
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Figure	7.3:	%	transmission	of	20	nm	(nominal)	VOx	deposited	by	thermal	ALD	at	200⁰C	

and	250⁰C	using	H2O	and	by	O2	plasma	at	200⁰C	annealed	at	450⁰C	for	1hr	from	

UV/visible	spectroscopy	

	

7.2.3	Surface	Morphology	of	as	grown	and	annealed	samples	
SEM	images	of	VOx	thin	films	deposited	by	thermal	H2O	ALD	at	200⁰C	and	250⁰C	and	

O2	Plasma	at	200⁰C	as-deposited	and	annealed	at	450⁰C	for	1	hour	are	shown	in	figure	

7.4.		Images	(a)-(c)	show	the	microstructure	of	the	as-deposited	VOx	and	images	(d)-

(f)	show	the	microstructure	of	the	same	samples	annealed	at	450⁰C	for	1	hour.				

VOx	 deposited	 at	 200⁰C	 by	 thermal	 H2O	 ALD	 (figure	 7.4	 (a)),	 show	 randomly	

orientated	 grains	 of	 both	 cylindrical	 and	 spherical	 shapes.	 	 As	 the	 temperature	

increases	to	250⁰C	(figure	7.4	(b)),	the	grain	size	decreases,	and	the	surface	appears	

to	 be	 smoother	 and	more	 conformal	 than	when	 deposited	 at	 200⁰C.	 	 The	 surface	

topography	of	VOx	samples	deposited	using	O2	plasma	at	200⁰C	(figure	7.4	(c)),	shows	

a	similar	microstructure	as	those	deposited	by	thermal	H2O	at	200⁰C	and	has	more	

randomly	orientated	grains.			
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Figure	7.4:		SEM	images	of	as-deposited	and	annealed	VOx	deposited	by	(a,	d)	O2	

plasma	at	200⁰C,	(b,	e)	thermal	H2O	at	200⁰C	and	(c,	f)	thermal	H2O	at	250⁰C	on	glass	
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Annealing	the	films	at	450⁰C	changes	the	microstructure	of	all	the	films	dramatically.		

Comparing	figure	7.4	(a)	of	as-deposited	VOx	deposited	by	thermal	H2O	at	200⁰C	with	

(d)	where	the	same	sample	is	annealed	shows	that	the	surface	grains	are	significantly	

reduced	 and	 leads	 to	 a	 smoother,	more	 conformal	 film.	 	 As	 the	 temperature	was	

increased	to	250⁰C,	the	annealed	sample	shown	in	figure	7.4	(e)	shows	how	the	grain	

size	increases	significantly	compared	to	its	as-deposited	counterpart	in	figure	7.4	(b).		

The	grains	have	swollen	and	are	randomly	scattered	across	the	surface	however	the	

films	 remain	 relatively	 smooth.	 	When	 the	 sample	was	deposited	by	O2	 plasma	at	

200⁰C	and	annealed	(figure	7.4	(f))	the	grains	also	swell	and	increase	in	size.		The	film	

also	is	observed	to	become	rougher	compared	to	the	as-deposited	film	in	figure	7.4	

(c).	 	The	 increase	 in	grain	 size	post	 anneal	 is	 also	 reported	by	Singh	et	al	as	 they	

revealed	that	exposure	at	high	temperatures	results	in	the	enlargement	of	the	surface	

grain	size.8	

	

7.3	Incorporation	of	VOx	into	perovskite	solar	cells	as	a	hole	transport	layer	
7.3.1	Experimental	Details	
Hole	 transport	material:	Planar	 perovskite	 solar	 cells	were	 fabricated	 in	 the	p-i-n	

configuration.	 	 Here,	 standard	 hole	 transport	 layer,	 NiO	 is	 compared	with	 atomic	

layer	 deposited	 (ALD)	 VOx	 in	 perovskite	 solar	 cells	 based	 on	 power	 conversion	

efficiency	(PCE).		Cambridge	NanoTech	Fiji	F200	LLC	ALD	reactor	was	used	to	deposit	

20	nm	VOx	at	200⁰C	as	described	in	section	7.1.2.	TDMAV	and	O2	plasma	in	an	argon	

carrier	 gas	 flow	 system	 were	 used	 as	 the	 metal	 precursor	 and	 oxygen	 sources	

respectively.		The	growth	rate	for	TDMAV	at	200⁰C	using	O2	plasma	as	a	co-reactant	

was	0.27	nm/cycle.4	The	precursors	were	obtained	from	STREM	Chemicals	Inc.			

Prior	to	deposition,	commercially	bought	ITO	substrates	(30-60	Ω/□)	 from	Sigma-

Aldrich	(Merck)	were	ultra-sonicated	in	Decon	90,	acetone	and	IPA	thoroughly.		The	

ITO	was	then	etched	using	an	excimer	laser	in	order	to	form	two	separate	electrode	

patterns.		This	isolation	of	the	TCO	is	more	commonly	known	as	the	P1	line.		The	line	

was	etched	5	mm	from	the	edge	of	each	25	mm2	substrate	using	an	UV	ArF	eximer	
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laser	 (193	nm	Lasertechnik	ATLEX	300i).	 	 A	P2	 line	was	 then	 formed	on	 the	 ITO	

substrates	by	masking	5	mm	of	the	edge	of	the	sample	opposite	to	the	laser	etched	

P1	line	prior	to	deposition	of	the	hole	transport	material.				

Three	 devices	 were	 fabricated	 and	 tested	 for	 power	 conversion	 efficiency	 (PCE)	

(Table	7.3).		20	nm	NiO	was	used	as	the	hole	transport	material	in	the	control	device.		

Device	 1	 used	 20	 nm	 as-deposited	 VOx	 as	 the	 hole	 transport	 material	 and	 was	

compared	to	device	2	which	incorporated	20	nm	VOx	annealed	at	450⁰C	for	1	hour	as	

the	hole	transport	material.	

At	CSEM,	a	similar	P1	and	P2	line	was	made	on	their	own	ITO	samples	prior	to	NiO	

deposition.	 	 20	 nm	NiO	was	 deposited	 by	 RF	 sputtering	 (ClusterLine	 200	 II	 from	

Evatec)	on	top	of	commercial	ITO	(12.4	Ω/□)	from	Kintec.	

Cell	 fabrication:	 At	 CSEM,	 to	 fabricate	 the	 solar	 cell,	 perovskite	 material	 CsxFA1-

xPb(I,Br)3	was	deposited	on	top	of	NiO,	as-grown	VOx	or	annealed	VOx	hole	transport	

material	by	spin-coating.		20	nm	C60	was	thermally	evaporated	subsequently	as	the	

electron	selective	layer.	 	The	devices	were	completed	by	depositing	100	nm	Cu	by	

thermal	evaporation	as	the	back	contact.			

Performance	 of	 the	 fabricated	 perovskite	 cells	was	 determined	 using	 a	 two-lamp	

class	AAA	WACOM	sun	simulator	with	an	AM	1.5	G	irradiance	spectrum	at	1000	W	

cm-2.		The	cells	active	area	of	0.25	cm2	or	1.063	cm2	was	defined	using	a	metal	mask.	

The	 J-V	 characteristics	 of	 the	 cells	 were	 obtained	 under	 reverse	 (Voc	 to	 Jsc)	 and	

forward	(Jsc	to	Voc)	conditions	in	order	to	extract	the	power	conversion	efficiency.	

	

	 Hole	Transport	
Material	

Annealed	at	450	oC	

Control	Device	 20	nm	PVD	NiO	 X	
Device	1:	Test	Cell	 20	nm	Plasma	ALD	VOx	 X	

Device	2:	Test	Cell	 20	nm	Plasma	ALD	VOx	 ✔	

Table	7.3:	Summary	of	the	hole	transport	materials	incorporated	into	Control	Device	

and	devices	1	and	2	
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7.4	Results	and	Discussion	
A	 control	 and	 two	 test	 device	 sets,	 each	 of	 four	 samples,	 were	 fabricated	 and	

electrically	 tested	under	 a	 solar	 simulator	 as	outlined	 in	 the	 experimental	details.		

Table	7.4	summarises	the	cell	results	for	each	p-i-n	configured	perovskite	solar	cell	

device.	 	The	 control	device	 set	was	 fabricated	using	RF	 sputtered	NiO	as	 the	hole	

transport	material,	the	standard	in	the	state-of-the-art	devices.		Device	1	and	device	

2	sets	were	fabricated	using	the	same	methodology	with	the	exception	of	the	differing	

hole	transport	layers.		Device	1	was	produced	using	as-deposited	VOx,	at	200⁰C	using	

O2	plasma	as	the	co-reactant,	as	the	hole	transport	material.	Device	2	set	used	the	

same	recipe	for	VOx	but	with	the	addition	of	a	post	anneal	treatment	of	450⁰C	for	1	

hour.		

Full	 J-V	 characteristics	 comparing	 the	 RF	 sputtered	 NiO,	 as-deposited	 VOx	 and	

annealed	VOx	respectively	in	the	reverse	and	forward	bias	are	shown	in	Appendix	II		

	

Hole	Transport	
Material	

Aperture	
Area	
(cm2)	

Scan	
Direction	

Voc	
(mV)	

Jsc	
(mA/cm2)	

FF	
(%)	

Eff	
(%)	

Control	Device:	
NiO	

1.06	cm2	 Forward	 1010	 18.66	 53.97	 10.17	

Device	1:	As-
deposited	VOx	

1.06	cm2	 Reverse	 698	 9.43	 30.54	 2.01	

Device	2:	
Annealed	VOx	

1.06	cm2	 Reverse	 692	 7.00	 30.56	 1.48	

Table	7.4:	Summary	of	best	IV	parameters	for	p-i-n	configured	PK	solar	cells	composed	

of	two	test	hole	transport	materials	and	a	control	sample.	Control	Device:	20	nm	PVD	

NiO	as-deposited/	ITO	substrates,	Device	1:	20	nm	ALD	VOx	as-deposited/	ITO	

substrates	and	Device	2:	20	nm	ALD	VOx	annealed	at	450⁰C	for	1	hr/	ITO	substrates	

As	summarized	in	Table	7.4,	the	Jsc	for	the	control	device	incorporating	RF	sputtered	

NiO	gave	a	value	of	18.66	mA/cm2.		Replacing	the	hole	transport	layer	with	VOx	shows	

a	 clear	 and	 significant	 reduction	 in	 the	 Jsc	 giving	 values	 of	 9.43	 mA/cm2	 for	 as-

deposited	VOx	in	device	1	and	7.00	mA/cm2	for	annealed	VOx	in	device	2.			
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Refer	 to	Appendix	 II	 for	 J-V	 curves.	 	 Figure	7.5	 compares	 the	open-circuit	 voltage	

(Voc),	current	density	(Jsc),	fill	factor	(FF)	and	power	conversion	efficiency	(PCE)	of	all	

test	 and	 control	 cells.	 	 It	 is	 evident	 from	 the	 box-graphs	 that	 the	 control	 device	

showed	little	variation	from	cell	to	cell	indicating	good	reproducibility	of	the	device.		

It	 is	also	clear	 that	 the	Voc	 and	 Jsc	of	both	 test	devices	are	 lower	 than	 those	of	 the	

control	device.		The	annealed	samples	resulted	in	a	marginally	lower	Voc	on	average	

of	692	mV	from	Table	7.4	compared	to	as-deposited	samples	698	mV.		However,	from	

the	box-graphs	in	figure	7.5,	overall	the	annealed		devices	were	slightly	better	than	

the	as-deposited	samples.		The	Jsc	values	for	the	both	devices	gave	similar	values	with	

the	average	value	of	the	as-deposited	VOx	in	device	1	were	slightly	higher	with	a	value	

of	9.43	mA/cm2	compared	to	7.00	mA/cm2	recorded	for	annealed	samples	of	device	

2	implying	that	the	series	resistance	of	the	samples	was	much	higher	than	that	of	the	

reference.		This	had	a	knock-on	effect	on	the	fill	factor.		The	reference	NiO	gave	a	value	

of	53.97	and	both	device	1	and	2	gave	values	of	30.54	and	30.56.		In	order	to	improve	

these	values	the	shunt	resistance	of	the	samples	needs	to	be	increased	to	aid	the	flow	

of	the	current	throughout	the	device.		As	a	result,	the	efficiency	of	device	1	and	2	were	

lower	 than	 the	 reference	 sample	 of	 10.17%	 with	 values	 of	 2.01%	 and	 1.48%	

respectively.			

Although	 these	 are	 low	 efficiencies	working	 cells	were	 fabricated	 that	 did	 yield	 a	

measurable	power	conversion	efficiency	demonstrating	that	this	material	may	have	

some	potential	as	a	hole	transport	material.		Additionally,	as	the	values	for	Voc	and	Jsc	

do	not	vary	significantly	when	as-deposited	or	annealed	it	can	be	said	that	annealing	

the	samples	does	not	significantly	improve	the	hole	transport	abilities	of	the	VOx	in	

the	cell.	
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Figure	7.5:	Summary	of	the	(a)	Voc,	(b)	Js,	(c)	Fill	Factor	(FF)	and	(d)	power	conversion	

efficiency	(PCE)	of	devices	incorporating	as-deposited	and	annealed	ALD	VOx	and	

control	device	incorporating	PVD	NiO	as	HTM	in	p-i-n	configured	PK	solar	cell	

	

7.5	Conclusion	
VOx	was	deposited	by	thermal	and	plasma	ALD	and	found	to	be	XRD	amorphous	and	

with	sub-optimal	optical	properties,	particularlty	for	the	thermal	ALD	samples.		To	

determine	 whether	 VOX	 was	 a	 viable	 material	 system	 a	 post	 growth	 anneal	 was	

proposed,	despite	this	not	being	ideal	for	the	strict	thermal	budget	restrictions	for	

tandem	cells.	Two	device	 sets	were	 fabricated	 incorporating	 the	VOx	 as-deposited	

thin	films	and	VOx	with	a	post-deposition	anneal	at	450⁰C	for	1	hour.		The	samples	

were	 then	 compared	 to	 the	 standard	 device	 currently	 used	 in	 p-i-n	 configured	

perovskite	solar	cell	devices	where	RF	sputtered	NiO	is	used	as	the	hole	transport	
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material.	 	 The	 devices	 were	 illuminated	 using	 a	 solar	 simulator	 and	 electrically	

characterized	 using	 open	 circuit	 voltage	 and	 current	 density	 to	 determine	 the	 fill	

factor	and	%	efficiency	of	the	cells.			

Both	device	1	and	2	produced	a	photo	current	and	a	PCE	of	2.01%	and	1.48%	were	

obtained	from	the	device	respectively.		Although	both	values	were	significantly	lower	

than	 10.17%	 obtained	 from	 the	 reference	 cell	 the	 fabrication	 and	 testing	 of	 the	

devices	showed	that	VOx	has	the	ability	to	transport	holes	and	has	the	potential	to	

perform	as	a	hole	 transport	material.	 	 It	 i	 is	possible	 that	modification	of	 the	hole	

transport	 medium	 thickness	 or	 the	 addition	 of	 interlayers	 could	 enhance	 the	

performance,	however	it	is	more	likely	that	the	ALD	process	selected	is	not	ideal	and	

an	alternative	process	will	need	to	be	developed.		
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Chapter	8:	Low	Temperature	Atomic	Layer	
Deposited	Ti-doped	ZnO	for	incorporation	into	
Tandem	Solar	Cells 

 

8.0	Introduction	
In	chapter	6	it	was	demonstrated	that	doped	ZnO	could	be	used	in	the	fabrication	of	

single	junction	solar	cells	and	furthermore	that	this	technology	was	compatible	with	

the	 growth	 of	 a	 TCO	 contacts	 directly	 on	 a	 silicon	 sub	 cell	 in	 a	 tandem	 device.	

However,	such	an	architecture	is	somewhat	artificial	as	current	device	technology	is	

more	complex	with	multiple	layers	of	TCO	being	required,	some	above	more	sensitive	

layers	than	the	silicon	sub	cell;	see	figure	8.1.				

For	example,	growth	directly	on	to	a	perovskite	layer	would	require	a	much	lower	

thermal	budget	than	200⁰C	over	several	hours	to	not	degrade	the	active	medium.   As	

a	consequence,	for	ALD	ZnO	to	be	widely	incorporated	into	perovskite	technology	the	

growth	 temperature	 would	 need	 to	 be	 significantly	 reduced,	 in	 this	 chapter	 the	

material	grown	at	 lower	temperatures	is	 investigated	in	terms	of	 its	electrical	and	

optical	properties	with	a	view	to	determining	the	feasibility.		

	

Figure	8.1:	Schematic	outlining	the	thermal	restrictions	required	for	tandem	solar	

cells	where	the	bottom	cell	is	a	c-Si	subcell	
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8.1	Experimental	
A	Cambridge	Nanotech	Fiji	200LLC	ALD	reactor	was	used	to	grow	nominally	180	nm	

thick	 films	of	TZO	(19:1	ZnO:dopant)	and	nominally	undoped	ZnO	using	 the	same	

methodology	as	Chapters	4	and	5.			Growth	temperatures	of	120⁰C	and	150⁰C	were	

selected	 to	 mimic	 the	 likely	 temperature	 requirements.	 The	 effect	 of	 deposition	

temperature	on	the	electrical,	structural	and	optical	properties	were	then	analysed	

and	compared	to	those	deposited	at	200⁰C	by	thermal	ALD.			

The	growth	parameters	for	each	growth	system	are	outlined	in	Tables	8.1	and	8.2	for	

ZnO	and	TZO	respectively.		Refer	to	Chapter	4	and	5	for	more	details.	

	

Substrate	 DEZ	
Pulse	

Time	(s)	

H2O	
Pulse	

Time	(s)	

Purge	
Time	(s)	

Deposition	
Temperature	

(⁰C)	
Glass/p-Si	 0.1	 0.05	 20.0	 120	

Glass/p-Si	 0.1	 0.05	 20.0	 150	

Table	8.1:	Growth	parameters	of	(180	nm	nominal)	ZnO	deposited	by	Cambridge	

Nanotech	Fiji	200LLC	by	thermal	ALD	

	

Substrate	 DEZ	
Pulse	

Time	(s)	

H2O	
Pulse	

Time	(s)	

TDMAT	
Pulse		

Time	(s)	

Purge	
Time	(s)	

Deposition	
Temperature	

(⁰C)	
Glass/p-Si	 0.1	 0.05	 0.4	 20.0	 120	

Glass/p-Si	 0.1	 0.05	 0.4	 20.0	 150	

Table	8.2:	Growth	parameters	of	(180	nm	nominal)	TZO	(19:1)	deposited	by	

Cambridge	Nanotech	Fiji	200LLC	by	thermal	ALD	

	

8.2	Results	and	Discussion	
8.2.1	Electrical	Properties	
Electrical	 conductivity	was	measured	 using	 a	 Lakeshore	Hall	 Effect	Measurement	

system	as	outlined	in	section	3.2.4.	 	Here	the	sheet	resistance	(Ω/□),	Hall	mobility	

(cm2/Vs)	 and	 carrier	 concentration	 (1/cm3)	 were	 obtained.	 	 The	 minimum	 and	

maximum	excitation	current	applied	for	all	films	was	25	µA	and	250	µA	respectively.		
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A	summary	of	the	electrical	properties	for	ZnO	and	TZO	deposited	at	120-200⁰C	are	

outlined	in	Tables	8.3-8.5	below.	

	

Description	 Hall	
Mobility	
(cm2/Vs)	

Carrier	Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

ZnO	 9.94	 3.33	x	1018	 10400.0	

TZO	 3.99	 8.81	x	1019	 986.7	

Table	8.3:	Electrical	properties	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	120⁰C	for	

900	cycles	(nominal	180	nm)	

	

Description	 Hall	
Mobility	
(cm2/Vs)	

Carrier	Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

ZnO	 28.5	 1.99	x	1019	 610.8	

TZO	 9.57	 1.31	x	1019	 385.8	

Table	8.4:	Electrical	properties	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	150⁰C	for	

900	cycles	(nominal	180	nm)	

	

Description	 Mobility	
(cm2/Vs)	

Carrier	
Conc.	
(1/cm3)	

Sheet	
Resistance	
(Ω/□)	

ZnO	 27.7	 2.78	x1019	 451.4	

TZO	 16.4	 2.37	x	1020	 99.1	

Table	8.5:	Electrical	properties	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	200⁰C	for	

900	cycles	(nominal	180	nm)	

	

At	 the	 lower	deposition	 temperature	120⁰C,	ZnO	and	TZO	 thin	 films	produce	high	

sheet	resistivities	compared	to	those	deposited	at	the	optimum	temperature	200⁰C	

(Table	 8.5).	 	 As	 a	 consequence,	 both	 the	 Hall	 mobility	 and	 carrier	 concentration	
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values	are	similarly	low	at	120⁰C.		As	the	temperature	increases	to	150⁰C	a	dramatic	

decrease	in	sheet	resistance	is	observed	for	ZnO	and	TZO	films	with	TZO	showing	the	

lowest	values	385.8	Ω/□.		As	the	carrier	concentration	of	ZnO	and	TZO	increase	the	

Hall	mobility	values	increase	with	ZnO	exhibiting	the	highest	value	of	28.5	cm2/Vs.		

However,	at	150⁰C,	Hall	mobility	and	sheet	resistivity	values	of	TZO	are	substantially	

lower	than	those	deposited	at	the	optimum	temperature.		When	the	TZO	is	deposited	

at	200⁰C,	 the	Hall	mobility	 and	 carrier	 concentration	values	 increase	 significantly.		

The	sheet	resistance	values	decrease	far	lower	than	that	of	ZnO	deposited	under	the	

same	conditions.			

It	was	observed	in	chapter	4	that	the	electrical	properties	of	the	films	improved	as	

the	thickness	of	the	films	increased.		To	determine	if	increasing	the	thickness	to	300	

nm	would	produce	a	film	with	viable	values	to	those	deposited	at	the	same	thickness	

at	 200⁰C,	TZO	 films	were	deposited	 for	1500	ALD	 cycles	 at	 150⁰C	again	using	 the	

dopant	ratio	19:1.		The	electrical	properties	were	evaluated	using	the	same	Hall	Effect	

measurement	 system.	 	 Increasing	 the	 thickness	 of	 the	 film	 reduced	 the	 sheet	

resistance	from	385.8	Ω/□	to	125.1	Ω/□.  However,	carrier	concentration	and	Hall	

mobility	values	were	similar	to	those	of	thinner	TZO	films	showing	values	of	1.74	x	

1020	and	9.6	cm2/Vs	respectively	(see	Table	1,	Appendix	II).	

	

8.2.2	X-ray	Diffraction	
XRD	patterns	of	180	nm	ZnO	and	TZO	deposited	by	thermal	ALD	at	120⁰C,	150⁰C	and	

200⁰C	 are	 illustrated	 in	 figures	 8.2-8.4	 respectively.	 	 In	 the	 120-200⁰C	 deposition	

temperature	 range,	 ZnO	 exhibits	 peaks	 attributed	 to	wurtzite	 crystal	 orientations	

[100],	[002],	[101]	and	[110].		At	120⁰C,	ZnO	exhibits	a	preferred	orientation	in	the	

[100]	direction.		As	the	deposition	temperature	increases	to	150⁰C	there	is	a	change	

in	the	preferred	orientation	from	[100]	to	[002].			Interestingly	when	ZnO	is	deposited	

at	the	optimum	temperature,	200⁰C	the	preferred	orientation	reverts	back	to	[100].	



159 

 

	

Figure	8.2:	XRD	Patterns	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	120⁰C	for	900	

cycles	(nominal	180	nm)	

	

	

Figure	8.3:	XRD	Patterns	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	150⁰C	for	900	

cycles	(nominal	180	nm)	
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Figure	8.4:	XRD	Patterns	of	ZnO	and	TZO	(19:1)	deposited	by	ALD	at	200⁰C	for	900	

cycles	(nominal	180	nm)	

	

At	120⁰C	when	Ti	is	incorporated	into	the	film	the	preferred	crystalline	orientation	is	

maintained	in	the	[100]	direction.		However,	the	peaks	attributed	to	(002)	and	(101)	

disappear.			These	peaks	then	reappear	once	the	deposition	temperature	is	increased	

to	150⁰C.		The	[100]	orientation	increases	in	intensity	at	this	temperature	and	is	the	

most	dominant	 crystalline	direction.	The	preferred	orientation	 then	changes	 from	

[100]	to	[002]	as	the	temperature	increases	further	to	200⁰C.		In	addition,	the	(101)	

peak	reduces	in	intensity	at	the	higher	deposition	temperature.	It	is	evident	from	the	

XRD	 patterns	 that	 the	 doping	 of	 ZnO	 with	 Ti	 changes	 the	 crystalline	 pattern	

significantly	and	is	dependent	on	the	deposition	temperature.			

	

8.2.3	Surface	Morphology	
Surface	and	cross-sectional	SEM	images	of	ZnO	and	TZO	are	shown	in	figures	8.5	and	

8.6.		In	the	plan	view,	figure	8.5	(a),	ZnO	films	deposited	at	120⁰C,	show	signs	of	large	

cylindrical	crystal	grains	on	the	films	surface	characteristic	of	ZnO	films.		When	the	
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films	are	doped	with	Ti	at	the	same	temperature	(Figure	8.5	(b))	the	grains	visibly	

reduce	in	size.		Unlike	the	300	nm	TZO	deposited	at	200⁰C	as	outlined	in	section	6.2,	

the	 spherical	 features	 do	 not	 seem	 to	 appear	 at	 the	 lower	 temperatures.	 	 As	 the	

temperature	 increases	 to	 150⁰C	 the	 films	 appear	 more	 conformal	 and	 the	

distinguishing	features	on	the	surface	disappear.			

The	 cross-sectional	 SEM	 of	 ZnO	 and	 TZO	 deposited	 at	 120⁰C	 and	 150⁰C	 are	

represented	 by	 figures	 8.5	 (c)	 and	 (d)	 and	 8.6	 (c)	 and	 (d).	 	 	 The	 images	 exhibit	

conformal	uniform	films	with	a	smooth	surface	characteristic	of	ALD	grown	 films.			

ZnO	and	TZO	deposited	at	120⁰C	revealed	a	growth	per	cycle	of	0.14	nm/cycle	and	

0.16	nm/cycle	 respectively.	 	 The	 growth	per	 cycle	 increased	when	 the	deposition	

temperature	 increased	 to	 150⁰C	 to	 0.19	 nm/cycle	 for	 ZnO	 which	 is	 close	 to	 the	

reported	GPC	for	ZnO	in	the	ALD	window.	 	Similar	to	the	GPC	of	TZO	deposited	at	

120⁰C,	the	GPC	is	far	lower	than	ZnO	for	TZO	deposited	at	150⁰C	with	a	GPC	of	0.16	

nm/cycle.	 	In	this	case	it	seems	TZO	is	not	substantially	affected	by	the	deposition	

temperature.	
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Figure	8.5:	Surface	SEM	and	cross-sectional	SEM	images	of	(a)/(c)	ZnO,	(b)/(d)	TZO	

(19:1)	deposited	by	ALD	for	900	cycles	at	120⁰C	
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Figure	8.6:	SEM	images	of	(a)	ZnO,	(b)	TZO	(19:1)	deposited	by	ALD	for	900	cycles	at	

150⁰C	

	



164 

 

8.2.4	Optical	Properties	
The	%	 transmission	across	 the	UV-visible	 spectrum	of	ZnO	and	TZO,	deposited	at	

120⁰C,	150⁰C	and	200⁰C,	 are	 shown	 in	 figures	8.7,	 8.8	 and	8.9	 respectively.	 	 Films	

deposited	at	all	temperatures	exhibited	transparencies	in	the	range	of	75-80%	with	

a	sharp	absorption	edge	evident	in	all	films	that	is	characteristic	of	ZnO	deposited	on	

glass.		At	120⁰C	TZO	films	were	substantially	more	transparent	in	the	near	IR	range	

than	 ZnO.	 	 The	 films	 showed	 signs	 of	 similar	 transparency	 in	 the	 visible	 range	

however	in	the	UV	range	the	ZnO	films	exhibited	a	greater	blue	shift	than	TZO	in	the	

UV	allowing	greater	transmittance	in	the	blue	UV.	

	

Figure	8.7:	%	Transmission	spectrum	of	ZnO	and	TZO	deposited	by	ALD	at	120⁰C	for	

900	cycles	(nominal	180	nm)	

	

As	the	temperature	increased	to	150⁰C,	TZO	films	became	less	transparent	in	the	near	

IR,	with	ZnO	films	exhibiting	more	transparent	films	in	the	visible	and	near	IR	ranges.		

Similar	to	the	films	deposited	at	lower	temperatures,	ZnO	films	exhibited	a	greater	

blue	shift	than	TZO	in	the	UV	allowing	greater	transmittance	in	the	blue	UV.	
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Figure	8.8:	%	Transmission	spectrum	of	ZnO	and	TZO	deposited	by	ALD	at	150⁰C	for	

900	cycles	(nominal	180	nm)	

	

At	 the	 optimum	 deposition	 temperature	 for	 ZnO	 films,	 TZO	 and	 as-grown	 ZnO	

showed	signs	of	similar	transparency	in	the	visible	and	near	IR	regions.		TZO	films	

absorbed	 strongly	 in	 the	 UV.	 	 This	 blue	 shift	 was	 more	 enhanced	 at	 the	 higher	

deposition	temperatures.	
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Figure	8.9:	%	Transmission	spectrum	of	ZnO	and	TZO	deposited	by	ALD	at	200⁰C	for	

900	cycles	(nominal	180	nm)	

	

8.3	Discussion	
The	aim	of	this	study	was	to	determine	how	viable	it	is	to	use	atomic	layer	deposited	

ZnO	and	TZO	in	tandem	solar	cells.		The	prerequisites	for	incorporation	into	a	tandem	

include	low	temperature	deposition	conditions	while	still	maintaining	good	optical	

and	electrical	characteristics.		Here,	we	focus	on	deposited	TZO	(19:1)	at	120⁰C	and	

150⁰C	and	compare	them	to	the	optimized	deposition	process	at	200⁰C.		For	this	study	

we	deposited	180	nm	(nominal	values)	for	comparison	purposes.	

As	 seen	 in	 chapter	 4,	 the	 incorporation	 of	 Ti	 into	 the	 ZnO	 films	 showed	 an	

improvement	 in	 the	electrical	properties	of	ZnO	even	at	 low	temperatures.	 	 It	has	

already	been	established	that	19:1	ratio	of	ZnO:TiO2	is	the	optimum	Ti	concentration	

to	obtain	low	sheet	resistance	values	for	TZO.		Further	increasing	the	Ti	concentration	

has	 been	 known	 to	 change	 the	 crystallinity	 of	 the	 films	 from	 polycrystalline	 to	

amorphous	due	to	the	build-up	of	TiO2	at	the	grain	boundaries1.		This	implies	that	at	

19:1	ratio	the	doping	efficiency	of	Ti	is	at	its	most	efficient.			
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The	 electrical	 properties	 of	 the	 films	 had	 a	 large	 dependence	 on	 deposition	

temperature.		The	sheet	resistance	values	of	both	materials	reduced	with	increasing	

temperature.	 	 The	 electrical	 properties	 of	 the	 as-grown	 ZnO	 maintained	 similar	

values	 at	 150⁰C	 and	 200⁰C	 with	 a	 reduction	 in	 sheet	 resistance	 being	 the	 only	

improvement	when	increased	from	150⁰C	to	200⁰C.			

It	has	been	reported	than	Hall	mobility	generally	increases	with	decreasing	carrier	

concentration	 and	 was	 attributed	 to	 ionized	 impurity	 scattering	 in	 the	 films.2	

However,	in	case	of	ZnO	and	TZO,	the	Hall	mobility	increased	with	increasing	carrier	

concentration.	 	It	was	hence	theorized	that	improvements	in	the	films	crystallinity	

would	improve	the	electron	mobility	in	the	films	resulting	in	fewer	grain	boundaries	

in	the	films,	therefore	improving	the	overall	electrical	properties	of	the	films.			

From	analysing	the	electrical	properties	of	 the	 films,	 it	was	evident	 that	 there	 is	a	

correlation	between	the	crystallinity	of	the	thin	films	and	their	electrical	properties.		

The	best	electrical	results	were	obtained	by	films	that	exhibited	a	high	intensity	peak	

attributed	to	the	(002)	direction.		At	200⁰C	the	films	appear	to	be	highly	ordered	and	

polycrystalline	and	appear	to	exhibit	better	quality	electrical	properties.			

At	low	temperatures	ALD	films	generally	present	with	a	high	concentration	of	

carbon	due	to	incomplete	desorption	of	ligands	from	the	metal	precursors	

remaining	in	the	films3,	4.		This	has	been	known	to	increase	the	sheet	resistance	of	

thin	films	and	could	contribute	to	the	high	sheet	resistance	values	observed	at	

120⁰C	and	150⁰C.	

XRD	images	showed	that	doped	ZnO	films	change	preferred	orientation	from	c-axis	

to	 a-axis	with	 increasing	 temperature.	 	 Banerjee	 et	 al5	 similarly	 reported	 that	Al-

doped	ZnO	films	exhibited	a	preferred	orientation	of	the	[100]	direction	at	150⁰C	and	

when	the	deposition	temperature	was	increased	to	200⁰C	the	preferred	orientation	

changed	to	the	[002]	direction.	 	Figures	8.2-8.4	show	similar	changes	when	ZnO	is	

doped	with	Ti.		It	is	also	observed	that	at	120oC	the	preferred	orientation	remains	as	

the	[100]	direction.	 	 	It	is	known	that	a	material	will	grow	to	minimize	the	surface	

energy	on	the	substrates	surface.5,	6	The	c-axis	plane	is	the	most	thermodynamically	
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stable	 plane.	 	 TZO	 films	 have	 been	 reported	 as	 depositing	 preferentially	 as	 c-axis	

orientated	due	to	the	higher	nucleation	rate	of	the	lower	energy	plane.7,	8	However,	it	

is	possible	that	the	surface	energy	of	the	substrate	changes	at	200⁰C	and	thus	causes	

the	change	from	c-axis	to	a-axis	plane.		

Surface	morphology	 analysis	 of	 the	 films	 offers	 an	 insight	 into	 how	 the	material	

grows	on	the	surface	and	how	doping	ZnO	effects	the	deposition	process.		It	is	clear	

from	figures	8.5	and	8.6	surface	morphology	images	that	all	films	exhibit	columnar	

grains	of	random	orientation	and	direction.		These	grains	appear	to	change	both	size	

and	 shape	 when	 doped	 with	 Ti	 and	 when	 the	 temperature	 of	 the	 deposition	 is	

increased.		Notably	at	120⁰C	the	grain	size	is	largest	for	as-grown	ZnO.		The	electrical	

properties	of	the	material	reveal	the	highest	sheet	resistance	values	indicating	the	

likely	presence	of	charge	trapping	in	the	grain	boundaries	reducing	the	mobility	of	

carriers	within	the	films.7	

The	most	interesting	points	are	observed	in	the	cross-sectional	SEM	images	where	

the	growth	per	cycle	of	the	nominally	undoped	ZnO	and	TZO	films	are	obtained	at	

120⁰C	and	150⁰C.		At	120⁰C	both	as-grown	ZnO	and	TZO	reveal	to	have	a	growth	per	

cycle	of	0.14	nm/cycle	and	0.16	nm/cycle	both	below	the	reported	ZnO	GPC	within	

the	ALD	window.		Thus,	it	can	be	concluded	that	true	ALD	is	not	performed	at	this	

temperature.	 	Based	on	literature	150⁰C	is	within	the	ALD	window	of	ZnO	and	the	

GPC	of	ZnO	is	grown	here	is	calculated	as	0.19	nm/cycle	characteristic	of	ALD	ZnO.9-

11	However,	the	GPC	calculated	for	TZO	remained	at	0.16	nm	/cycle.		This	is	indicative	

of	a	nucleation	delay	of	DEZ	on	the	dopant	 layers	during	deposition	hindering	the	

adsorption	of	ZnO	on	the	TiO2	laminate	surfaces,	most	likely	due	to	residual	amine	

ligands.		

In	a	perovskite-Si	tandem	solar	cell	the	transparent	conducting	oxide	in	perovskite	

junction	are	required	to	maintain	high	transparency	in	the	UV,	visible	and	IR	regions	

allowing	for	the	UV/visible	light	to	be	absorbed	by	the	perovskite	cells	and	IR	light	to	

be	absorbed	by	the	Si	cell.	 	Even	at	low	temperatures	TZO	maintains	transparency	

between	 75-80%	 which	 did	 not	 appear	 to	 vary	 as	 the	 temperature	 increased.			
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However,	the	sheet	resistance	of	the	material	is	not	low	enough	to	compete	with	ITO	

(12.4	Ω/□)	which	 is	 currently	being	used	as	 the	standard	TCO	 in	perovskite	 solar	

cells.	 	 It	was	 also	 established	 in	 section	 8.2.1	 that	 increasing	 the	 thickness	 of	 the	

material	at	low	temperatures	would	not	sufficiently	improve	the	electrical	properties	

for	them	to	be	viable	in	a	tandem	device.	

8.4	Conclusion	
180	nm	(nominal	values)	of	ZnO	and	TZO	(19:1)	were	deposited	by	thermal	ALD	at	

120⁰C	 and	 150⁰C	 and	 compared	 to	 films	 deposited	 under	 the	 same	 conditions	 at	

200⁰C.		The	electrical,	optical	and	morphological	characteristics	were	analysed	and	

compared	to	determine	the	potential	for	use	in	tandem	solar	devices.			

Electrical	characteristics	of	the	materials	improved	with	increasing	temperature	with	

the	best	values	being	obtained	at	a	deposition	temperature	of	200⁰C	revealing	a	sheet	

resistance	 of	 99.1	 Ω/□ for	 TZO.	 	 The	 crystallinity	 of	 the	 films	 improved	 as	 the	

temperature	increased	with	the	preferred	orientation	of	TZO	changing	from	[100]	to	

[002]	as	the	deposition	temperature	increased	from	150⁰C	to	200⁰C.	 	A	correlation	

was	made	between	the	low	sheet	resistance	values	and	the	highly	ordered	films	in	

the	[002]	direction.	

However,	 TZO	 films	 deposited	 at	 low	 temperatures	 did	 not	 exhibit	 the	 necessary	

electrical	properties	to	compete	with	the	commercially	available	ITO	(12.4	Ω/□)	with	

sheet	resistance	values	of	986.7	Ω/□	and	385.8	Ω/□ for	TZO	deposited	at	120⁰C	and	

150⁰C	respectively.		
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Chapter	9:	Conclusions	and	Future	Work	
 

9.1	Overall	Conclusions	
The	aim	of	this	work	was	to	find	a	viable	alternative	transparent	conducting	oxide	to	

replace	indium-tin	oxide	(ITO)	currently	used	in	single	junction	solar	cells.	 	Due	to	

the	 typically	 high	 temperature	 and	 high	 energy	 processes	 used	 to	 deposit	 this	

material	 in	 the	 commercial	 environment	 there	 is	 a	 potential	 short	 fall	 in	 the	

requirements	 of the solar	 industry.	 	 This	 is	 particularly	 pertinent	 in	 the	 field	 of	

perovskite	solar	cells	where	commercial	viability	is	driving	the	progress	from	single	

junction	solar	devices	to	tandem	multi-junction	structures.		In	order	to	maintain	the	

integrity	of	these	relatively	delicate	device	structures	through	complex	fabrication	

methodologies,	 thermal	 and	 energetic	 restrictions	 are	 essential.	 	 	 This	 thesis	 has	

focused	on	investigating	the	potential	of	low	temperature	deposited	zinc	oxide,	and	

doped	zinc	oxide	as	a	replacement	TCOs	in	solar	devices.	

The	 study	 in	 this	 thesis	 began	 as	 a	 fundamental	 investigation	 of	 atomic	 layer	

deposited	zinc	oxide	at	200°C	at	a	range	of	film	thicknesses.		All	samples	were	grown	

using	a	thermal	process	with	H2O	as	the	co-reactant.	The	samples	were	then	analysed	

based	 on	 optical,	 electrical	 and	 morphological	 properties	 to	 determine	 how	 the	

change	in	thickness	effected	its	properties.	Analysis	of	the	films	determined	that	the	

increase	 in	 thickness	 changed	 the	 films	 crystallinity	 from	 amorphous	 to	

polycrystalline	with	peaks	indicative	of	a	wurtzite	crystal	structure.		Interpretation	

of	the	electrical	data	revealed	that	increasing	the	films	thickness	reduced	the	sheet	

resistance	values	of	the	films	significantly	with	the	lowest	values	obtained	at	200	nm.	

However,	 the	resistance	of	 the	as	grown	films	were	still	 too	high	 to	compete	with	

those	of	ITO.		As	a	result,	the	elements	Ti,	Al	and	Hf	were	chosen	to	dope	ZnO	in	an	

attempt	 to	 improve	 the	 electrical	 characteristics	 of	 the	 films.	 	 The	 films	 were	

deposited	 under	 the	 same	 conditions	 as	 ZnO	 and	 deposited	 at	 the	 same	 range	 of	

thicknesses.	A	19:1	ratio	(ZnO:dopant)	was	used	to	doped	ZnO	with	Ti,	Al	and	Hf.			
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The	data	revealed	similar	trends	to	ZnO,	where	increasing	the	thickness	of	the	films	

changed	 the	 morphology	 from	 amorphous	 to	 a	 polycrystalline	 wurtzite	 crystal	

structure.		The	sheet	resistance	values	of	the	films	reduced	with	increasing	thickness	

with	the	best	values	obtained	from	all	of	the	films	at	200	nm.		Doping	the	ZnO	revealed	

a	significant	reduction	in	sheet	resistance	at	200	nm	compared	with	ZnO	films	of	the	

same	thickness,	with	Hf-doped	ZnO,	(HZO)	obtaining	the	lowest	sheet	resistance	of	

59.6	Ω/□ compared	to	83.5	Ω/□	and	89.1	Ω/□	obtained	for	Al-doped	ZnO,	(AZO)	and	

Ti-doped	ZnO,	(TZO)	respectively.	 	Hall	mobility	values	of	the	films	also	revealed	a	

significantly	higher	value	of	20.2	cm2/Vs	for	HZO	than	ZnO,	AZO	or	TZO.		However,	

although	 doping	 the	material	 improved	 the	 electrical	 properties	 significantly,	 the	

sheet	 resistance	 values	were	 still	 quite	 high	 relative	 to	 ITO	 (8-100	 Ω/□).	 	 It	 was	

theorized	that	due	to	the	fact	that	the	electrical	properties	improved	with	increasing	

thickness,	 an	optimum	sheet	 resistance	value	could	be	obtained	by	 increasing	 the	

thickness	to	300	nm.	

Subsequently,	300	nm	ZnO,	TZO,	AZO	and	HZO	thin	films	were	deposited	at	200⁰C	

and	 with	 a19:1	 dopant	 ratio	 and	 compared.	 	 The	 growth	 analysis	 revealed	 that	

increasing	the	thickness	did	not	significantly	influence	the	optical	properties	of	the	

films,	maintaining	the	%T	at	>70%.		These	thicker	films	were	also	examined	by	cross-

sectional	electron	microscopy,	from	which	it	was	evident	that	the	thicknesses	were	

not	as	expected	from	the	calculated	nominal	literature	growth	rates.	It	was	observed	

that	nucleation	delays	occur	when	growing	ZnO	on	both	a	glass	substrate	and	onto	

dopant	 layers	 within	 the	 laminates.	 	 	 	 Crystallinity	 of	 the	 films	 increased	 with	

thickness	which	may	have	had	a	positive	effect	on	 the	electrical	properties	which	

were	determined	to	generally	improve	with	a	nominal	thickness	change	of	200	to	300	

nm.	More	specifically	the	AZO	and	TZO	showed	a	reduction	from	83.5	Ω/□ to	44.5	

Ω/□ and	89.1	Ω/□ to	41	Ω/□.	 	Hf-doped	ZnO	however	demonstrated	 little	 change	

from	59.6	Ω/□ to	60	Ω/□.  As	both	AZO	and	TZO	exhibited	a	sheet	resistance	value	

closest	to	the	commercially	available	ITO,	Hall	mobility	measurements	were	carried	

out	on	the	films.		TZO	exhibited	a	lower	sheet	resistance	and	higher	Hall	mobility	of	
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12.7	cm2/Vs	than	AZO	of	9.6	cm2/Vs.		As	a	result,	TZO	was	chosen	as	the	most	viable	

replacement	for	ITO	in	solar	cell	devices	in	this	study.	

As	 Ti	 was	 observed	 as	 being	 the	 best	 performing	 dopant,	 the	 optimum	 Ti	

concentration	was	investigated.		A	study	comparing	19:1,	9:1	and	29:1	ZnO:dopant	

ratios	 were	 studied	 and	 verified	 that	 19:1	 dopant	 ratio	 was	 the	 optimum	 Ti	

concentration	required	to	obtain	highest	quality	TCO	films.		

The	next	step	was	to	ensure	that	tetrakis(dimethylamido)	titanium	TDMAT	was	the	

best	commercially	readily	available	Ti	precursor	to	deposit	TZO	films.		In	this	case,	

TZO	 was	 deposited	 using	 titanium	 tetraisopropoxide	 (TTIP)	 using	 19:1	 ratio	 at	

200⁰C.		TTIP	is	grown	using	O2	plasma	as	its	co-reactant	instead	of	thermally	using	

H2O	 as	 with	 TDMAT.	 	 The	 electrical	 characteristics	 of	 TTIP	 grown	 TZO	 were	 far	

inferior	to	TZO	grown	using	TDMAT	and	thus	going	forward	TDMAT	remained	the	Ti	

precursor	of	choice.	

Having	 ascertained	 that	 TZO	 had	 potential	 as	 a	 TCO,	 when	 grown	 under	 these	

restrictive	conditions,	the	study	then	aimed	to	incorporate	the	optimized	TZO	film	

into	a	single	 junction	perovskite	solar	cell	device.	 	As	the	solar	 industry	 is	moving	

towards	 tandem	 solar	 cells	 the	 end	 goal	was	 to	 ensure	 that	 the	 TZO	 film	will	 be	

transferable	to	a	tandem	structure.		Hence,	the	perovskite	solar	cell	was	designed	in	

a	p-i-n	 configuration	 that	 is	more	widely	used	 in	 tandem	devices.	Perovskite	solar	

cells	were	fabricated	in	collaboration	with	CSEM	incorporating	the	300	nm	(nominal	

thickness)	TZO	 film	and	comparing	 to	control	devices	 incorporating	commercially	

sourced	 ITO	 (12.6	 Ω/□).	 	 J-V	 curves	 of	 the	 devices	 revealed	 that	 the	 device	 was	

producing	a	photocurrent	efficiently.	 	However,	there	was	evidence	of	a	low	shunt	

resistance	and	a	high	series	resistance	in	the	cell	which	ultimate	resulted	in	a	lower	

cell	efficiency	compared	to	the	control	cell.		Although	the	test	cell	did	not	match	the	

performance	 of	 the	 control,	 the	 cell	 compared	 well	 with	 a	 power	 conversion	

efficiency	of	7.2%	as	opposed	11.03%	with	the	state-of-the-art	ITO	technology.			

As	the	solar	industry	moves	toward	tandem	devices	many	challenges,	in	addition	to	

the	 TCO,	 must	 be	 overcome	 to	 ensure	 scale	 up	 is	 possible.	 	 Presently,	 in	 single	
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junction	 devices	 hole	 transport	 materials	 are	 deposited	 on	 top	 of	 the	 perovskite	

material	 in	 an	 n-i-p	 configuration	 using	 spin	 coating	 techniques.	 	 	 As	 mentioned	

previously,	 in	 order	 to	 protect	 the	 integrity	 of	 the	 perovskite	 material	 in	

heterojunction	 systems	 the	 p-i-n	 device	 configuration	 is	 now	 being	 implemented.		

This	 allows	 researchers	 to	 look	 at	 replacing	 the	 currently	 used	 hole	 transport	

material	with	an	alternative	deposition	method	and	material.			

In	 this	 thesis	 vanadium	 oxide	 (VOx)	 was	 selected	 as	 a	 possible	 hole	 transport	

medium.	 ALD	 growth	 of	 VOx,	 under	 both	 thermal	 and	 plasma	 conditions,	 was	

incorporated	into	perovskite	solar	cells	and	initial	viability	studies	made.	Thermally	

as	grown	VOx	was	deposited	at	200⁰C	and	250⁰C	and	compared	to	VOx	deposited	at	

200⁰C	deposited	using	O2	plasma.		Optical	properties	revealed	the	material	deposited	

by	 the	 plasma	 process	 produced	 the	 most	 transparent	 films.	 	 However,	 the	

transparency	obtained	was	significantly	inferior	to	the	currently	used	inorganic	hole	

transport	layer	sputtered	NiO.		As	a	result,	it	was	determined	that	as	grown	VOx	did	

not	have	the	appropriate	properties	as	a	viable	hole	transport	material.		As	a	result,	

a	post	growth	anneal	at	450⁰C	was	investigated.			Optical	properties	of	the	annealed	

films	were	drastically	improved,	with	those	deposited	using	thermal	ALD	being	the	

most	transparent	films.	

In	 collaboration	 with	 CSEM,	 two	 test	 perovskite	 solar	 devices	 were	 fabricated	

incorporating	the	as	grown	films	(200°C)	and	the	annealed	films.	The	devices	were	

both	compared	to	the	CSEM’s	standard	device	incorporating	RF	sputtered	NiO	as	the	

inorganic	hole	transport	material.		Both	test	devices	produced	a	photocurrent	with	

PCEs	of	2.01%	and	1.48%	for	the	as	grown	and	annealed	films	respectively.		Although	

the	values	were	 low	compared	 to	 the	 reference	 cell	 the	demonstration	of	 the	VOx	

samples	ability	to	perform	as	a	hole	transport	material	is	an	important	first	step	and	

worthy	of	further	investigation.	

Finally,	although	growth	of	TZO	was	demonstrated	for	the	upper	temperature	limit	

for	Si-perovskite	heterojunctions	to	be	viable,	 for	more	flexible	 integration	of	TCO	

layers	 into	 the	 heterostructures	 the	 material	 would	 be	 required	 to	 be	 deposited	
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below	200⁰C	while	maintaining	good	optical	and	electrical	properties.	 	 In	order	to	

determine	 the	 lower	 limit	 TZO	 films	 were	 deposited	 at	 120⁰C	 and	 150⁰C	 and	

analysed.		As	expected,	the	electrical	characteristics	of	the	samples	were	negatively	

impacted	by	reducing	the	temperature.	 	This	was	attributed	to	the	fact	that	at	 low	

temperatures	ALD	films	generally	contain	carbon	due	to	unreacted	ligands	from	the	

precursors	remaining	in	the	films.		As	a	result,	reducing	the	temperatures	to	120⁰C	

and	150⁰C	caused	an	increase	in	the	sheet	resistance	values	of	the	films.		This	implies	

that	 TZO	 films	 deposited	 at	 low	 temperatures	 did	 not	 exhibit	 required	 electrical	

properties	necessary	to	compete	with	the	commercially	available	ITO	films.	

To	conclude,	300	nm	(nominal)	TZO	films	deposited	by	thermal	ALD	at	200⁰C	have	

the	potential	to	replace	the	currently	used	TCO	in	p-i-n	configured	perovskite	solar	

devices	competing	with	the	state-of-the-art	devices.	 	ALD	has	the	ability	to	deposit	

the	 material	 at	 low	 temperatures	 with	 good	 conformity	 making	 it	 a	 potential	

deposition	method	to	deposit	layers	in	single	junction	and	tandem	solar	devices.	

9.2	Future	Work	
There	are	some	areas	of	this	work	which	would	warrant	further	investigation.	

● Investigate	other	dopant	elements	such	as	gallium	or	indium	to	dope	ZnO.		The	

materials	would	be	able	to	be	deposited	at	low	temperature	by	ALD.	As	both	

Ga	and	In	have	been	previously	used	in	other	transparent	conducting	oxides	

they	could	provide	 the	properties	 to	help	 to	achieve	a	 low	sheet	resistance	

values	 close	 to	 commercial	 TCOs.	 Such	 studies	 may	 require	 precursor	

development	as	at	these	low	temperatures	the	existing	doping	precursors	are	

not	ideal.	

● Explore	other	Ti	precursors	to	try	and	improve	on	the	electrical	and	optical	

characteristics	of	the	TZO	films.		Although	TTIP	proved	to	negatively	impact	

on	the	properties	of	the	ZnO	films	another	precursor	may	have	a	more	positive	

effect.	
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● VOx	films	displayed	potential	as	a	hole	transport	material.		Further	work	on	

deposition	 conditions	 by	ALD	 and	 optimization	 of	 the	 film	 thickness	 could	

help	to	dissipate	the	shunting	in	the	perovskite	solar	cells.			

● A	study	of	other	 inorganic	hole	 transport	materials	deposited	using	atomic	

layer	deposition	should	be	 investigated	such	as	NiO	and	MoOx	which	could	

work	more	efficiently	than	VOx.			
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Appendix	II	

Additional	Data	
	

	

	

Figure	1:	High	resolution	XPS	of	O	1s	spectrum	of	200	nm	(nominal	values)	as-
deposited	ZnO	deposited	at	200⁰C	
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Figure	2:	High	resolution	XPS	of	O	1s	spectrum	of	200	nm	(nominal	values)	HZO	
(19:1)	deposited	at	200⁰C	

	

	

Figure	3:	High	resolution	XPS	of	O	1s	spectrum	of	200	nm	(nominal	values)	AZO	
(19:1)	deposited	at	200⁰C	
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Figure	4:	High	resolution	XPS	of	O	1s	spectrum	of	200	nm	(nominal	values)	TZO	
(19:1)	deposited	at	200⁰C	

	

	

Figure	5:	High	resolution	XPS	of	Hf	4f	spectrum	of	200	nm	(nominal	values)	HZO	
(19:1)	deposited	at	200⁰C	
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Figure	6:	High	resolution	XPS	of	Al	2p	spectrum	of	200	nm	(nominal	values)	AZO	
(19:1)	deposited	at	200⁰C	

	

	

Figure	7:	High	resolution	XPS	of	Ti	2p	spectrum	of	200	nm	(nominal	values)	TZO	
(19:1)	deposited	at	200⁰C	
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Figure	8:	J-V	curve	showing	the	electrical	characteristics	of	the	best	PSC	of	Control	

Device	incorporating	20	nm	RF	sputtered	NiO	as	HTM	in	a	p-i-n	configured	PK	solar	

cell		

	

	

	

	

	

	

	

	

	

Figure	9:	J-V	curve	showing	the	electrical	characteristics	of	the	best	PSC	of	Device	1	

incorporating	20	nm	as-deposited	VOx	as	HTM	in	a	p-i-n	configured	PK	solar	cell		
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Figure	10:	J-V	curve	showing	the	electrical	characteristics	of	the	best	PSC	of	Device	1	

incorporating	20	nm	annealed	VOx	as	HTM	in	a	p-i-n	configured	PK	solar	cell		

	

Description	 Hall	Mobility	
(cm2/Vs)	

Carrier	Conc.	
(1/cm3)	

Sheet	Resistance	
(Ω/□)	

ZnO	(180	nm)	 28.5	 1.99	x	1019	 610.8	

TZO	(180	nm)	 9.57	 1.31	x	1019	 385.8	

TZO	(300	nm)	 9.6	 1.74	x	1020	 125.1	

Table	1:	Tabulated	results	of	either	nominally	180	nm	or	300	nm	(indicated)	of	TZO	
and	ZnO	deposited	at	150⁰C	using	a	19:1	ratio		
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Figure	 11:	 High	 resolution	 XPS	 of	 V	 2p	 spectrum	 of	 20	 nm	 (nominal	 values)	 VOx	

deposited	by	O2	plasma	ALD	at	200⁰C	
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